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I. Executive Summary

This report describes the results of research during the first year of a proposed
three year project to provide a critical evaluation of the attributes of plasma-filled
high power backward-wave oscillators when compared with high efficiency vacuum
backward-wave oscillators. Since the direction of the program at the University of
New Mexico was altered by the newly initiated MURI triservices funding, only about
one third of the originally proposed tasks were accomplished. Nevertheless, impor-
tant new results have been obtained and will continue to be investigated under the
auspices of the MURI program. The important results achieved under this grant

were:

Mailestones Achieved

1. A clear exposition of the physical reasons for efficiency enhancement of high
power vacuum backward-wave oscillators using nonuniform slow wave structures.
Experiments and particle-in-cell simulations confirm that significant prebunching
of the electron beam is caused by the zeroth harmonic of the waveguide mode.
A tube designed to exploit this phenomenon can yield significant enhancement

in microwave conversion efficiency.

2. Long pulse vacuum experiments confirm previous observations of the termina-
tion of microwaves after about 100 ns. In addition, TE;;-like modes have been

observed instead of the expected TMy; modes.

3. Repeatable electron emission from (Pb,La)(Zr,Ti)Oj3 ferroelectric cathodes using
a direct-current reset has been observed. An application to patent this procedure

has been submitted.

4. Thin-film metal and metal oxide coatings sputter-deposited onto the cathode
electrode of a parallel-plate quasi-dc high voltage gap were found to suppress
electron emission. These coatings may have applications in components of high

power microwave tubes to achieve longer pulse operation.
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In sity displacement field diagnostics were developed and calibrated for use in

our high power backward-wave oscillator tubes.

Interactions

A hallmark of this research project is the continued interaction and collaboration

with other groups. The following list represents scientists with whom significant

active interaction has occurred during the course of this research. The subject of the

interaction is also presented.

()

(if)

(ii)

(iv)

Sandia National Laboratories (Dr. Ray Lemke)—theoretical aspects of high effi-
ciency BWO physics. Computational support. Dr. Lemke was also a committee
member of one of the graduate students (Larald Moreland).

Air Force Phillips Laboratory (Drs. Kyle Hendricks and Tom Spencer)—joint
measurements of the output of the Sinus-6 backward-wave oscillator experi-
ments. Dr. Hendricks is also a committee member of one of the graduate students
(Tommy Cavazos).

High Current Electronics Institute, Tomsk, Russia (Drs. Sergei Korovin, Vladi-
slav Rostov, Sergei Polevin, Igor Pegel, and Albert Roitman)—experiments and
theory of high efficiency vacuum backward-wave oscillators. Drs. Pegel and
Roitman were visiting scientists in our laboratory during the 1993-1994 academic
year under the auspices of funding from the U.S. National Research Council and
the William and Mary Greve Foundation.

Institue of Electrophysics, Ekaterinburg, Russia (Academician Gennady Mesy-
ats) —ferroelectric cathodes: theory and experiment. Academician Mesyats
visited our laboratory in the Summer of 1994 under the auspices of funding from

the William and Mary Greve Foundation.

Mission Research Corporation, Newington, VA (Dr. Bruce Goplen). Our lab-
oratory is now an official member of the MAGIC Users Group. Dr. Goplen
presented a one week short course on the usage of MAGIC. This course was also

attended by researchers from the Air Force Phillips Laboratory.

Finally, in response to a request from the Air Force Phillips Laboratoy, Professors

Gahl and Schamiloglu presented a Spring 1995 semester graduate-level University of
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New Mexico course on High Power Microwaves. This was delivered by television to

the Phillips Laboratory where 27 students were registered.

Outline of this Final Technical Report

Since a considerable number of papers have appeared in the literature describing
the results of this research effort, the subsequent sections will only summarize the
status of the projects. Section II will present an overview of the Sinus-6 experiments
and theoretical accomplishments. Section III will summarize the status of the long
pulse vacuum backward-wave oscillator. Section IV will describe the status of the
ferroelectric cathode work. Section V describes the displacment field diagnostics
and calibrations. Section VI presents a bibliography of all presentations and papers
produced during the grant period. References for this report are contained in Sec. VII.
Appendix A presents information on the status of faculty, staff and students funded by
this grant. Appendix B contains a copy of a paper presented at the NATO AGARD
Electromagnetic Wave Propagation Panel Symposium on High Power Mlcrowaves
(Ottawa, Canada, 2-5 May, 1994). Appendix C presents copies of papers pertaining
to the Sinus-6 microwave experiments. Appendix D presents a copy of a paper
pertaining to the long pulse microwave experiments. Appendix E presents copies of
papers pertaining to the ferroelectric cathode work, and Appendix F presents a copy

of a paper pertaining to the suppression of vacuum breakdown.




Sinus-6 High Power BWO Theory and Experiments

Significant advances have been made in the understanding of short pulse, high power,
vacuum backward-wave oscillator (BWQ) operation.!? A systematic study of high
power BWOs was performed using the Sinus-6 repetitively pulsed relativistic electron
beam accelerator. Peak output power of up to 550 MW was measured in a frequency
range of 9.2 to 9.8 GHz with pulse lengths up to 10 ns. The experimental results
were compared with numerical simulations using TWOQUICK, a 2.5 D, relativistic,
fully electromagnetic, particle-in-cell code. It was observed that a significant increase
in microwave efficiency can be obtained by using a BWO with a spatially varying
coupling impedance instead of the traditional uniform distribution. Based on exper-
iments using variations of a two stage nonuniform amplitude BWO in conjunction
with TWOQUICK simulations, it was determined that the efficiency enhancement
can be attributed to the prebunching of the electron beam.?

An important factor that affects BWO performance is the ratio of electron beam
current to start current. The start current is a function of length for a given slow
wave structure (SWS) geometry. Experiments were performed with varying SWS
lengths to determine the changes in BWO performance with increasing ratios of beam
current to start current. The decrease in BWO efficiency attributed to multifrequency
operation at higher beam currents was not observed because of the short pulse lengths
in the experiment.!

The effects of end reflections and the influence of the forward traveling wave on
BWO performance were explored through a set of experiments where the reflection
characteristics at both ends of the the SWS were changed by introducing sections
of smooth-walled waveguide. It was found that the BWO microwave conversion
efficiency and the operating frequency varied periodically as a function of the length of
sections added. The role of the forward propagating asynchronous harmonic becomes
apparent as the reflection coefficient at the beginning of the SWS is changed. This
is supported by theoretical calculatios of the electron bunching and electric fields
within the SWS.1

The results of the short pulse high efficiency vacuum BWO work suggest a new
method to change the BWO operating frequency by over 100 MHz while maintaining

constant output power for constant beam parameters.!




ITI1. Long Pulse Vacuum BWO

During the past year, work on the UNM long pulse BWO experiment was directed
towards diagnosing and correcting breakdown problems within the electron beam
diode. In addition, considerable effort was invested towards developing reliable elec-
trical diagnostics. The accelerator used is a modified Physics International Pulserad
PI-110A. An 11-stage Marx bank with an energy storage capacity of 2.75 kJ is used
as the main energy store and initial pulse forming device. The Blumlein transmission
line originally contained in the accelerator was replaced by an LC filter network to
provide long pulse capabilities. Initial experiments with the long pulse accelerator
indicated considerable damage to the grating rings in the diode. After repairing the
diode stack, shunt resistors were placed in the oil section to decrease current flow to
the A — K gap. Current for a matched load (76 ) is now 7.5 kA, bringing the pa-
rameters of this accelerator very similar to the parameters of the Sinus-6 accelerator,
although at considerably longer pulse lengths.

MAGIC simulations were performed of the injector region of this accelerator.
The simulations revealed a component of back-streaming electrons which would im-
pinge upon a capacitive voltage monitor. A new capacitive voltage divider was built
and installed in a region impervious to electrons. The new monitor provides a reliable
signal.

A new self-integrating Rogowski coil was developed for use as a current monitor.
This was positioned after the slow wave structure and right before the electron beam
dump. A new differentially monitored, counterwound B coil was installed near the
cathode for electron beam current monitoring.

A microwave diagnostic setup identical to that used on the Sinus-6 experiments
was constructed. The microwave signal picked up by a small receiving antenna located
in the far-field of the BWO’s conical horn antenna is transmitted to a screen room
where it is split using a power divider. Part of the signal is detected by a crystal
diode and the other part is sent to be heterodyned with a local oscillator for precise
output frequency determination.

To help accomodate long pulse microwave generation from a BWO using this
driver a new electron beam dump and additional length of guide magnetic field were

installed.
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Vacuum microwave generation experiments have begun. Predominantly TE;;-
like radiation is observed to buildup for about 100 ns before rapid termination. Oc-
casional frequency “hopping” is observed as well. No conclusion can be drawn at this
point. These experiments are continuing under funding from the triservices MURI

program.




IV. Ferroelectric Cathode Development

During the course of this year’s investigations we tested bulk 9/65/35 PLZT materials
which exhibited “soft” ferroelectric behavior. (The ferroelectric test stand set-up is
described in the papers in Appendix E.) The emission current (averaged over the
pulse) was on the order of 100 mA and the charge emitted per shot was typically
40 nC. The emission life was limited by breakage of the ceramic material that was
- caused by piezoelectric forces.

The experiment was configured to reduce the stress on the ceramic and thicker
bulk materials of PZT were subsequently tested. No emission was recorded with
this configuration. Two problems have been identified: i) we have been unsuccessful
in reversing the polarization in the PZT samples, and ii) because of the the strong
piezoelectric coupling of this material, the occurance of fractures has increased.

The experiment is presently being re-engineered to correct the above problems.
A new ferroelectric holder is being built with a spring loaded contact. This feature will
allow a degree of freedom in the axial direction to prevent the buildup of mechanical
stresses. We are also using disk shaped ferroelectric samples instead of square ones.
It is believed that the lateral strain in a square-shaped sample produces excessive
stress at the corners.

Presently we are studying emission from three classes of polar dielectric ceramic
materials: soft ferroelectric (8/65/35 PLZT), hard ferroelectric (PZT), and antiferro-
electric (2/95/5). The emission area of these samples will be gridded using material
with two different transparancies (20% and 50%) and we wil investigate the possi-
bility of extracting electrons through solid metal electrodes 500-1000 A-thick. Thin
film ferroelectric materials (4-10 pm) will also be studied.

This program will also continue under the auspices of the MURI program.




-10 -

V. Displacement Field Diagnostics and Calibrations

Attached are two memoranda in their entirety which describe the accomplishments

on this task.
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The University of New Mexico

EECE Department
Room 110, EECE Building
Albuquerque, NM 87131
Memorandum
To: UNM HPM Groxa
From: Mike Haworth Q’
Date: 7/28/94
Subject: Calibration procedure for Burkhart-type D-dot probes used to measure

TM,,-mode power in evacuated cylindrical waveguide.

This note describes how the E-field (or D-dot) probe technique of Burkhart [1]
can be used to measure the power flow of TM,, waves in evacuated cylindrical
waveguide. A Burkhart-type D-dot probe is simply a section of open-ended semi-rigid
cable which is inserted no more than flush with the waveguide wall and in a direction
parallel to the microwave electric field. The TM,, power is determined by measuring the
power coupled into the D-dot probe, which is related to the magnitude of the radial E-
field component of the TM,, mode, and hence the power, at the probe.

For our application, a short piece of 0.141-in. semi-rigid cable was used as the D-
dot probe. The theoretical basis of this diagnostic technique is presented in Sect. I, the
calibration procedure is described in Sect. II, and the D-dot probe measurement
procedure is summarized in Sect. II. Use of this probe on the Sinus-6 BWO is imminent.

L D-Dot Probe Theory
A. Power coupled into D-dot probe

Since the 0.141 cable diameter is a small fraction of the wavelength of interest, the
power coupled from the TM,,, mode in the cylindrical guide into the TEM mode of the
coax cable forming the D-dot probe can be calculated using the quasistatic approximation
[1]. Thus, the charge induced on the center conductor of the coax is found from Gauss'
law to be

O(t) = £KE ,_or (1) 1)

where K is the effective area of the center conductor and Ep, , is the peak value of the E-
field at the probe position. For a sinusoidally varying E-field, the power coupled into the
probe is given by [1]
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1
Pp ot =5|IIZZO
1) .42
=5|QI Zy
_Z

= T(mSOKED—dot)Z (2)

where Z,, is the characteristic impedance of the coax (i.e., 50 Q for 0.141 cable). Eq. (2)
shows that if K is known through a calibration procedure, then measuring the power level
coupled into the probe determines the E-field at the probe. The next step is to relate the
E-field at the probe to the power in the TM,,; mode propagating in the cylindrical guide.
B. Cylindrical waveguide power flow in the TM(1 mode

The power flow in the TM,, mode for a cylindrical waveguide is given by

B, =—21—Re[”s(ﬁ‘xﬁ’)-d§]

—n Re[ [( o x oy )-2 rdr:l | 3

where r is the guide radius and the peak values of the field components are (2]

2
T gkc.Ol Te

Er,Ol(r) = j Ay Bmxm ]{xmr)
4

. XK XoqT
He,m(r):JAm o0 J{ o )

2
rgkc,Oln rg

In the above equations, A, is a normalization constant, X, is the first zero of the zero-
order Bessel function, k, = w/c is the free-space wave number (or wave propagation
constant), ko, = Xg,/1, is the cutoff wave number, fy; = (ko? - k.,?)'? is the guide wave
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number, and 1 = (/€,)12 = 377 Q is the impedance of free space. Using Egs. (4) in Eq.
(3), the TM,, mode power is found to be [3]

Tk B r2 2
P.. = 2 0F01" g J .
01 le1| —2 kf,o_m [ 1(x01)] (5

The unknown normalization constant, Ay, can be evaluated in terms of the radial
E-field at the wall radius. From the first of Egs. (4), you get

kz
0 g o(r=r,) . 6)

Ay = 2,
! ﬁOIxOIJl (xm)

Finally, using the results from Eq. (6) in Eq. (5), the TM,, power is given by [3,4]

2
_r korg

p. == %8
. ZBom

Er,Ol(rg)Iz : | (7

In an actual experiment, E 4, (rg) is calculated from the measured D-dot probe
power via Eq. (2). Thus, for the case of the Sinus-6 BWO output guide with an L.D. of
1.965-in., the TM,, power is related to the measured D-dot probe power by

-12

2 2

Py _ T n?l1- Xo1 ( T )
Pp_ioe 2y reko we K

_3.356x10" (1_ 2.114><10“’)'"2

®

K2f2 f2

with fin Hz and K in m2. In order to use Eq. (8) to deduce the power in the TM,, mode,
you must independently measure the frequency of the TM,, wave propagating down the
guide, plus you must measure the effective area, K, of the probe. A method to determine
this latter quantity is described in the next section.

Note that Eq. (8) assumes that the output guide is perfectly terminated, i.e. there is
no reflected power. A D-dot probe has no directivity, but simply measures the net power
flow. Also the D-dot technique assumes that only a single mode (the TM,, in this case) is
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present. A single D-dot measures the net E-field at its position and cannot distinguish
between the field of a single mode or of a superposition of fields from several modes.

11 Calibration Procedure to Determine Effective Area of D-Dot

From Eq. (2), the effective area of the center conductor of the D-dot is given by

K= 1 2P, 4
g0 Ey, 1V 2

©®)

Thus, a calibration procedure is needed where the E-field at the probe is precisely known.
One technique involves placing the probe flush with the outer conductor of a precision, air
coax line [5]. The approach we used involves placing the probe flush with and centered
on the broadwall of fundamental mode (TE,,) rectangular waveguide [1].

The E-field at the probe is related to the power in the TE,, mode by [2]

Ep iu=E ,1o(x = 0/2)

b4
- F_"_o"ﬁ (10)
abpyg

where a and b are the long and short dimensions of the guide, respectively, P,, is the
power in the TE;, mode, and B,y = (ki? - k. ,,»)"? is the guide wave number, with

k., = 7/ a being the cutoff wave number for the TE,, mode. Using the results of Eq.
(10) in Eq. (9), then K is determined by

1 ,ab/} Pr_so
K= kZlO ?)d! . (11)
WEy \ KoLyl Lo

The Sinus-6 BWO D-dot was calibrated using WR90 (X-band) waveguide, which
has a = 0.90-in. and b = 0.40-in.. Power was launched into the guide from a HP83752B
sweeper over the in-band frequency range (8.2-12.4 GHz) of WR90, and the reflected
power from the guide as well as the power coupled into the D-dot probe was measured
with a HP8757D scalar analyzer (see Fig. 1). The actual D-dot probe quantity measured
is its power relative to the incident waveguide power, i.e. Atten = 10 log(Pp4,/P,,). For
this case, Eq. (11) reduces to
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_1.798x10"°

2
K [1.233 x1078/1-4.30x10" / £? 10"“8"“"] : (12)

Typical analyzer data is shown in Fig. 2. This data was used in Eq. (11) to solve
for K, which in turn was used in Eq. (8) to solve for Py,/Pp 4. These results are presented
in Fig. 3, where P,,/Pp ., has been expressed as attenuation (in dB). The standing wave
present in the data indicates a discontinuity approximately 4.5-in. to 7.0-in. from the open
end of the probe. This is where SMA-to-N adapters were used in the calibration
procedure.

The above measurements were repeated four times, with the D-dot withdrawn and
replaced flush with the guide wall, in order to check its reproducibility. A linear best fit of
the data yields the following formula for the Sinus-6 flush-mounted D-dot probe
attenuation as a function of frequency:

1oxog(&) [dB] = -0.962 f[GHz]+55.4, 8.2< f[GHz]<12.4 (13)
D-dot

An important consideration is whether the D-dot probe attenuation factor is
sufficient to prevent its output connector from arcing. Field mapping and air breakdown
results have shown that the Sinus-6 nonuniform BWO can generate around 500 MW of
microwave power in the TM,, mode at 9.5 GHz [6], so the probe will develop 766 V at
its output SMA connector. This should pose no problem for the 10-ns pulse from Sinus-
6, but this is probably too high a voltage for pulse durations over 100 ns. The solution is
to increase the D-dot probe attenuation by recessing it from the waveguide wall [1].

III. Summary

This note has shown how you can use a simple Burkhart-type D-dot probe to
measure the power propagating in the TM,, mode in evacuated cylindrical waveguide.
Although very useful just as a diagnostic to corroborate field mapping results of the
radiated power, it is sometimes the only power diagnostic when using fully intercepting
diagnostics such as calorimeters [7].

Use of the probe requires a two-step process given below:

(1) Determine the effective area, K, of the D-dot center conductor by placing
the probe in the center of and mounted flush (or recessed) with the
broadwall of TE,, mode rectangular waveguide. Measure the power
coupled into the probe and use Eq. (11) to calculate K.

(2) Mount the D-dot flush [or recessed by the same distance as in step (1)]
with the cylindrical waveguide wall. Measure the power received by the
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probe as well as the frequency in the TM,;, wave, and use Eq. (8) to
compute the power in the TM,,; mode.

This D-dot probe analysis assumes that there is no reflected power or higher-order modes
present. Also, care must be exercised to ensure that the probe has sufficient attenuation to
prevent arcing at its output connector. It is very important not to place the probe in the
region of the beam dump, since if the electron beam itself does not damage or short out
the probe, then the plasma formed in the dump region can distort the signal or even short
out the probe.

The experimental setup to be used for the D-dot measurements on Sinus-6 is
shown in Fig. 4. Notice that two back-to-back WR90 waveguide-to-coax adapters are
placed before the crystal detector to serve as a highpass filter in order to filter out the low-
frequency noise pickup to which the D-dot probe is susceptible. Ideally you would like to
use an X-band bandpass filter to accomplish this and to suppress any high-frequency
components which could contaminate your results, but none is available.
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Fig. 2. Typical D-dot calibration data using the setup in Fig. 1.
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Fig. 3. Flush-mounted Sinus-6 D-dot probe attenuation factor for TM,, waves. Solid line
is linear least-squares fit to data.




—-90 -

*spuduRINSBIW 3qo.ad Jop-(] 10j dnjds w00d UG P “3Iyf

(1amod j0p-Q)

adoog
leybiqg
10}9939Q
leyship
(Aouanbaug)
siojenusdny adoog
jeybig
18pIng dl
1aMod JOXIN J0Je||19s0
44 ] o7 8207
J9)depy 19)depy 9qoid 10p-a
sjojenusany Xeod/oping XeoQ/aping siojenuapy -
06¥M 06MM wouj jeublg




~921 -

The University of New Mexico
EECE Department
Room 110, EECE Building
Albuquerque, NM 87131

Memorandum

To: UNM HPM Grou

From: Mike Haworth

Date: 8/1/94

Subject: Cold measurements on BWO slow-wave structures. Part L: TM,,
dispersion relation results.

This note discusses the results of cold measurements made on two BWO slow-
wave structures: an 8-period uniform structure using type-D rings and an 11-period
nonuniform structure using the A-A-B-B-B-C-C-C-D-D-C ring configuration. In both
cases resonant frequency measurements and SUPERFISH runs were made to yield
dispersion relations for the structures.

I. Introduction

A common method of measuring the propagation characteristics of a slow-wave
structure is to place shorting planes at axial points of mirror translational symmetry [1]. -
This forms a resonant cavity consisting of N periods of the slow-wave circuit. The cavity
is weakly excited at one end, and the resonances are measured either with a pick-up
antenna at the other end (transmission method) or from the dips in the reflection
coefficient measured from the launching antenna circuit (reflection method).

The cavity resonates at integral numbers of half-wavelengths, so for a slow-wave
structure of period L and total length NL, the resonance condition is [1]

_Me

NL = LN )

where A, is the guide wavelength. Rewriting Eq. (1) in terms of the cavity wave number
(or wave propagation constant) B = 2n/A,, then

ﬂL:—’-’-zr, n=0,1..N . ()

Eq. (2) shows that there are N+1 phase shifts per period from 0 to = for each passband
(the TM,,, passband, for example). A plot of @, vs. (BL), at the N+1 resonant frequencies
yields the desired dispersion relation (also called a Brillouin or ®-p diagram). This
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technique applies for experimental measurements as well as for a numerical solution of the
dispersion relation via the resonant cavity code SUPERFISH [2,3].

II. SUPERFISH Results

The 8-period, type-D ring, uniform slow-wave structure was approximated as
having an ideal sinusoidal outer wall and with both ends shorted as discussed above, The
cylindrical symmetry of the problem means that only the upper half of the structure is
solved (see Fig. 1). SUPERFISH was then run until the desired TM,,-mode resonance
was found. This was repeated until all 9 resonances from the 0-mode to the t-mode were
found for the TM,, passband.

SUPERFISH E-field plots for this structure are shown in Fig. 2 for all 9
resonances in the range 0 < BL < w. The resulting dispersion relation for the TM,,
passband is shown as the solid line in Fig. 3. (Note that this line was obtained by cubic
spline fitting the 9 discrete (BL,® ) data points from the SUPERFISH results in Fig 2.)

0. Experimental Results

The experimental values for the slow-wave structure resonances were found using
the reflection method discussed above, with the experimental setup shown in Fig. 4. Eight
type-D rings were inserted into the Sinus-6 BWO tube and both ends were shorted using
solid stainless steel rings. A piece of 0.141 semi-rigid cable penetrated the upstream
shorting ring on axis, and RF from the sweeper was fed into it to launch a particular mode.

Two different launching antennas were tried: a simple on-axis monopole antenna
using the center conductor of the 0.141 cable and a rod-wheel-type antenna [3] developed
at the University of Maryland. The latter antenna, which worked slightly better, is shown -
in Fig. 5 and was approximately 0.5-in. in O.D., consisted of 6 spokes each intercepting
20 °, and was fabricated using single-sided printed circuit board. The rod wheel was
soldered onto the center conductor of the 0.141 cable and was inserted around 0.5 cm into
the cavity.

Typical reflection data for the 8-period, type-D ring, uniform slow-wave structure
is shown in Fig. 6. A comparison between the experimental and SUPERFISH results are
shown in Fig. 3. A similar procedure was carried out for the long, nonuniform A-A-B-B-
B-C-C-C-D-D-C structure and the dispersion results are shown in Figs. 7 to 9. Notice
that the SUPERFISH results for both the 0- and n-modes appear to be in error since they
indicate a non-zero group velocity for these modes. The E-field structure for these two
modes shown in the first and last plots in Fig. 7 indicates trouble, but the reason for this
error is not known.

Looking at the data in Fig. 6, it's very clear how you obtain the resonant frequency
data, but how do you determine the values for BL? The answer is that Eq. (2) tells you
that there should be 9 resonances in this case, and you simply assume that the first
resonance is the 0-mode and the last one is the t-mode. This is obviously not a very
satisfying procedure and can leads to incorrect results since spurious resonances are often
present. This is particularly apparent in Fig. 9, where the mode assignments for the
experimental data were basically guided by the SUPERFISH results.
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Fortunately, there is a measurement technique commonly used in the RF
accelerator community that allows you to unambiguously identify the correct BL-value
corresponding to a resonant frequency. It is called the beadpull technique [4,5] and is
based on the Slater cavity perturbation formula [1,4]. The operating principle is that a
small perturbation (i.e., a spherical bead) is introduced into the cavity, which produces a
shght shift in the resonant frequency. The frequency difference with and without the bead
is proportional to the square of the E-field (and/or the H-field).

Thus, by measuring the change in the cavity resonant frequency as the bead travels
axially down the slow-wave structure, it is possible to map out the E,-field of the mode.
As Fig. 10 illustrates for three modes in the TM,, passband for the 8-period, type-D ring,
uniform slow-wave structure, the number of phase shifts per period [i.e., the value of n in
Eq. (2)] is determined by simply counting the number of zero crossings in the E,-field
pattern.

A beautiful example of the beadpull technique applied to slow-wave structure
measurements is présented in Ref. 5. An added bonus of the beadpull technique is that if
its results taken at the beam radius are combined with the dispersion relation results, then
the interaction impedance can be calculated [1].
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Fig. 2.

SUPERFISH results for the 0- to n-modes in the TM,, passband of the 8-period,

type-D ring, uniform BWO slow-wave structure.
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Fig. 4. Experimental setup for the cold tests.
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Fig. 5.  Sketch of the rod wheel radiator used to launch the modes in the TM,,, passband.
(This figure was taken from Ref. 3.)
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Fig. 6. Reflected power from the feed to the rod wheel antenna for the 8-period, type-D
ring, uniform BWO slow-wave structure shorted at both ends.
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Fig. 7. SUPERFISH results for the 0- to n-modes in the TM,, passband of the 11-

period, nonuniform BWO slow-wave structure (A-A-B-B-B-C-C-C-D-D-C ring

configuration).
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Fig. 8. Reflected power from the feed to the rod wheel antenna for the 11-period,
nonuniform  BWO  slow-wave structure (A-A-B-B-B-C-C-C-D-D-C ring
configuration) shorted at both ends.
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W. L. Wilbanks has left the M.S. program for permanent employment.
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High Efficiency Backward-Wave Oscillators for High Power Microwave
Generation: Present Status and Future Trends

E. Schamiloglu, J. Gahl, C. Fleddermann, D. Shiffler
C. Grabowski, T. Cavazos, B. Wroblewski, and W.

L. Moreland,
Wilbanks

Department of Electrical and Computer Engineering
University of New Mexico
Albuquerque, NM, 87131, USA

Summary

The efficiency of high peak power microwave
generation in vacuum X-band backward-wave
oscillators is described. Nonuniform slow wave
structures are driven by the Sinus-6, a short
pulse, repetitive relativistic electron beam ac-
celerator. Peak microwave power exceeding
500 MW at 9.45 GHz has been measured in
an 8 ns pulse. The corresponding beam-to-
microwave power conversion efficiency was
17%, although efficiencies approaching 25%
have been achieved at lower power levels. The
ability to acquire a large amount of data using
the Sinus-6 accelerator facilitates comparisons
with electromagnetic particle-in-cell simula-
tions and analytical theories. In a companion
set of experiments, a modified PI-110A sin-
gle shot electron beam accelerator is used to
study backward-wave oscillators with param-
eters comparable to the Sinus-6 experiments,
except at pulse durations approaching 0.5 us.
The goal of these studies is to extend the du-
ration of microwave generation in high power
backward-wave oscillators to several hundreds
of nanoseconds. Technological innovations,
such as ferroelectric cathodes and thin film
metallic coatings, are expected to yield signifi-
cant advances in long pulse operation.

1. Introduction

High power backward-wave oscillators (BWOs)
have been studied experimentally and theoret-
ically for about 25 years (Ref 1). The resur-
gence in interest in these classical microwave
tubes coincided with the development of pulsed
high current relativistic electron beam accel-
erators. Researchers in the United States pri-
marily use single shot electron beam accelera-
tors whose energy store is a Marx bank (Ref
12. The electron beams propagate through
slow wave structures with uniform ripple am-
plitudes and periods, transported by a strong
axial magnetic field. Researchers in the Former
Soviet Union, on the other hand, developed
several generations of repetitively-pulsed elec-
tron beam accelerators based on Tesla trans-
former technology with very high coupling ef-
ficiencies (Ref 1). In addition, they developed
complicated slow wave structures which were
motivated by theoretical analyses showing that
nonuniform BWOs can be designed to yield
higher beam-to-microwave power conversion ef-
ficiencies than uniform BWOs (see Refs 2 and
3, and references therein). In a nonuniform
BWO, variations in the coupling impedance or

. phase velocity affect the interaction between

' the electron beam and electromagnetic modes

along the length of the tube. The coupling
impedance between the slow space charge wave
on the electron beam and the surface harmonic
of the backward TMy; mode can be modified
by varying the ripple amplitude, or by vary-
ing the magnetic field distribution within the
tube. The phase velocity of this harmonic can
be varied along the length of the tube by grad-
ually changing the period of the ripples. The
efficiencies for converting input beam power
into RF radiation using uniform BWOs have
been reported to be as large as 15% (Ref 2).

" Work in the former Soviet Union on nonuni-

form BWOs has shown experimental measure-
ments of RF efliciencies exceeding 40%, and
theoretical predictions indicate efficiencies may
reach 75% in the absence of space charge ef-
fects (Refs 2 and 3).

The high power BWO program at the Univer-
sity of New Mexico seeks to define the physics
of efficient microwave generation in uniform
and nonuniform BWOs in both the short pulse
and long pulse regimes. Basic understanding
is gained from experiments using the Sinus-

6, a repetitively-pulsed relativistic electron
beam accelerator developed jointly by the High
Current Electronics Institute (Tomsk, Russia%
and the Institute of Electrophysics (Ekater-
inburg, Russia). This basic understanding is
then transferred to the PI-110A long pulse ex-

- periments. It is expected that technological

innovation will lead to advances in long pulse

" BWO operation beyond the 100 ns barrier that

researchers have typically faced (Ref 1).

2. Sinus 6 Experiments

The experiments using the Sinus-6 described
below seek to quantify the use of a shallow
ripple-amplitude initial section of a nonuni-
form BWO as a prebuncher to increase the
microwave generation efficiency.

Figure 1 is a cut-away diagram of the Sinus-6.
The Tesla transformer (1) steps up the voltage
from 300 V to 700 kV. An open ferromagnetic
core is used in the Tesla transformer, which
provides a high coupling coefficient between

“the transformer windings. The pulse form-

ing line is contained within the Tesla trans-

-former, permitting both increased efficiency

and an overall compact system. The high volt-
age switch (2) is a nitrogen-filled spark gap,
which is pressurized to 16 atmospheres. By ad-
justing the pressure the spark gap voltage can
be varied from 350 to 700 kV. The oil-filled
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adiabatic transmission line (3) matches the 22
§) impedance of the pulse forming line to the
=~ 1009 impedance of the vacuum diode. The
magnetically insulated coaxial diode uses an
explosive-emission graphite cathode (2 cm di-
ameter with a 1 mm annular wall thickness).

A uniform magnetic field up to 3.0 T in magni-
tude, used to confine the electron beam, is gen-
erated by a pulsed solenoid system (4). The
pulsed system provides a magnetic field pulse
duration of 3 ms and requires 10 s to recharge.
The Sinus-6 can generate electron beams at a
pulse repetition rate of 200 Hz, but is presently
operating at 0.1 Hz due to constraints imposed
by the magnetic field system.

The Anode-Cathode éA — K) gap spacing and
applied magnetic field were held constant and
the resultant diode impedance was about 125

', depending on the cathode potential. The
electron beam pulse has a full width, half max-
imum (FWHM) temporal duration of about
12 ns. Cathode voltages are measured using
a capacitive divider, and beam currents are
measure using a Rogowski coil. By adjusting
the pressure in the spark gap, cathode voltages
from 400 to 650 kV are generated with corre-
sponding beam currents ranging from 3 to 5

Total peak radiated power measurements were
made using both a semiconductor microwave
detector and a crystal diode detector (set-up
shown schematically in Fig 2). Power density
measurements were made 1.6 m downstream
from a conical horn antenna which has a max-
imum diameter of 15 cm. The total power was
calculated by numerically integrating the radi-
ation pattern that was experimentally mapped.
The radiated frequency was measured by het-
erodyning the RF signal against a known oscil-
lator frequency.

The basic tube studied in this work is a nonuni-
form amplitude configuration referred to as the
“Long Tube”. This tube is a two stage slow
wave structure constructed from individual
rings for each ripple period, and was designed
based on the work of Kovalev and colleagues
(Ref 2). Each ring is a trapezoidally shaped
annulus with a width of 1.5 cm (corresponding
to a ripple period of 1.5 cm) and a maximum
radius of 1.65 cm. Four different rings were
used, and their parameters are listed in Table
1.

- In addition to this basic tube, variations re-
ferred to as Short Tubes #1-#3 were also
studied to elucidate the role of the initial stage
of the Long Tube. As is evident from Table
2, the short tubes are variations of the sec-
ond stage of the Long Tube. These short tubes
have a start current in the range of the start
current for the Long Tube.

A typical mode pattern radiated by the Long
Tube and measured 1.6 m from the output an-
tenna is shown in Fig 3. The beam parameters

used were 500 kV and 4 kA, and each data
point was the average of 3 to 5 shots. The cal-
culated TMo; radiation pattern (Ref 4) for a
total peak power of 500 MW is indicated by
the solid line in Fig 3. For comparison, the
data points were integrated numerically to
yield a total power of 450 MW, in good agree-
ment with the calculated mode pattern. Since
the radiation pattern was found to be insensi-
tive to slight changes in frequency, it was suffi-
cient to measure the power density at the max-
imum electric field in order to ascertain the
total radiated power.

‘Figure 4 shows the dependence of peak radi-

ated power using the Long Tube on electron
beam current. Each data point represents the
average of 5 shots and the error bar represents
the typical scatter in the data. The beam cur-
rent was changed by varying the pressure in
the spark gap switch and the applied voltage
to the cathode. The A — K gap and applied
magnetic field were held constant for all shots.
The results from Long Tube over a range of
parameters are summarized in Table 3.

In this parameter scan the measured frequency
remained constant at 9.45 + 0.05 GHz.

At beam currents above 4 kA air breakdown
near the output window was observed. Time-
integrated photographs showed a bright an-
nular ring of plasma consistent with a TMy,
radiation mode pattern. In order to suppress
the air breakdown, a gas bag filled with SFg
was placed in front of the horn antenna. The
amplitude and pulse duration from the crystal
diode detector were observed to increase when
the gas bag was used. Figure 4 shows the ef-
fect of using a gas bag on the microwave power
measurements.

To elucidate the role of the prebuncher on the
efficiency of the Long Tube, experiments were
performed with various short tubes (parame-
ters summarized in Tables 1 and 2). Sections
of cutoff pipe were added to the modified tubes
to ensure that the A — K gap and the tapered
magnetic field at the end of the tube remained
constant. The beam parameters were approx-
imately 4 kA and 500 kV, which were chosen
to avoid air breakdown associated with the
Long Tube. Data showing the peak output mi-
crowave power generated by the Long Tube
and the three short tubes are given in Table

2. It is clear that none of the short tubes are
as efficient as the Long Tube, and Short Tube
#2 is the most efficient, with an efficiency of
about 15%. Consistent with the lower relative
powers indicated, air breakdown was never ob-
served with the short tubes, even when they
were driven at the highest input beam pow-
ers. Because the growth rate of the RF fields
must decrease with the difference between the
beam current and the start current, it can be
inferred from the RF pulse widths in Table 2,
that the start currents for the Long Tube is
between the start currents for Short Tubes #2




and #3. Therefore, the increased efficiency of
the Long Tube is a result of the prebuncher
and cannot be attributed to the ratio of beam
current to start current.

TWOQUICK (Ref 5) particle-in-cell (PIC)
simulations provided a comprehensive picture
of the prebunching of the electron beam in
the initial section of the nonuniform ampli-
tude slow wave structure. The results from the
PIC simulations indicate that, in addition to
the surface harmonic of the backward wave,
the forward traveling volume harmonics may
play an important role in the energy exchange
process in the BWO. Based on these results
it may be possible to design an uniform BWO
where the forward traveling volume harmonics
can serve the role of a prebuncher (Ref 6).

3. PI-110A Experiments

The accelerator used in the UNM Long Pulse
BWO Experiment is a modified Physics In-
ternational Pulserad 110A. An 11-stage Marx
bank with an energy storage capacity of 2.75
kJ is used as the main energy store and ini-
tial pulse forming device in the accelerator.
The Blumlein which previously followed the
Marx bank has been replaced with an LC filter
network. When erected, the Marx bank and
the LC network together form a 2-stage pulse
forming network (PFN). An equivalent circuit
for this is shown in Fig 5. The pulse duration
and impedance of the accelerator in this con-
figuration are approximately 500 ns and 40 €,
respectively. A balanced resistive voltage di-
vider (not shown in the figure) has been placed
between the Marx bank and the LC network
to monitor the Marx voltage. The electron gun
immediately follows the LC filter network, and
its configuration is nearly identical to the one
on the Sinus-6. The cathode holder is stain-
less steel and is curved to follow the magnetic
field lines. At the end of the holder is a 2 ecm-
diameter carbon knife-edge tip from which an
annular electron beam is emitted. Either 6

or 7 field coils can be placed around the slow
wave structure to produce a guiding field for
the electron beam. The field strength on axis
is typically 3.0 T. After traveling through the
slow wave structure, the electron beam follows
the magnetic field lines to the beam dump,
which consists of a section of stainless steel
screen surrounded by a larger, concentric sec-
tion of copper pipe that is lined with carbon
on its inner surface. The microwaves that are
produced in the slow wave structure travel
past the screen into another section of circular

- waveguide, and then to a conical horn where

they are radiated into an anechoic measure-
ment area.

Two Rogowski coils are used to monitor the
beam current, one around the cathode holder
and the other to be located just upstream of
the beam dump. In addition, a capacitive
voltage divider has recently been installed
just behind the first Rogowski coil to enable

. measurement of the cathode voltage during

experiments. To measure the microwave ra-
diation, two different kinds of detectors have

been used. One is a simple B probe which di-
rectly measures the magnetic field intensity of
the microwave radiation. The other detector
is similar to the one presently being used on
the Sinus-6 experiments. It consists of a small
piece of a semiconductor material placed inside
a short section of waveguide. Before the accel-
erator is fired, a negative voltage pulse having
an amplitude of approximately 50 V and a du-
ration of 100-120 us is sent to the detector.
When microwaves enter the waveguide and im-
pinge upon the semiconductor, the impedance
of the semiconductor changes, causing a ripple
in the amplitude of the reflected voltage pulse.
From the amplitude of the ripple the power
density of the incident microwave radiation can
be determined.

Long pulse vacuum BWO experiments have
begun using uniform slow wave structures.
Initial results from these experiments yielded
microwave pulses with FWHM durations ex-
ceeding 100 ns. Typical signals from the first

Rogowski coil and the microwave detector (B
probe) are shown in Fig 6. The radiated power
was estimated to be about 10 MW. By posi-

tioning the B probe at various angles with re-
spect to the center axis of the horn, a crude
map of the radiation was obtained and in-
dicated that the radiation is emitted in the
TMjp; mode. Frequency measurements have
not been performed at this time. However,
several PIC code simulations of the slow wave
structure were performed and the results in-
dicated a frequency of approximately 10 GHz.
It should be noted that there was evidence of
breakdown inside the slow wave structures on
these shots.

4. Technological Innovations

The extension of microwave radiation in long
pulse, high power BWOs beyond the typical
100 ns timescale is dependent on technological
innovations. Two innovations that are being
studied as part of the program at the Univer-
sity of New Mexico are ferroelectric cathodes
and thin film metallic and ceramic coatings.

‘Ferroelectric cathodes are potentially a new

source of electrons for high power, electron

+beam-driven microwave devices. These cath-
‘odes have the potential to extend the pulse

duration of high power BWOs beyond the 100
ns regime. Typically high power BWO exper-
iments utilize explosive emission cathodes.
These cathodes form plasmas which can ex-
pand into the anode-cathode gap and hence
cause a change in the diode impedance. Fur-
thermore, plasmas and neutrals inherent to the
explosive emission process can adversely affect
the BWO interaction over time scales longer
than 10’s of nanseconds. Ferroelectric ceram-
ics have the potential for providing sufficient




current to operate a BWO without the above
problems (Ref 7).

Ferroelectrics are materials possessing a spon-
taneous electric dipole moment when the tem-
‘perature is below the Curie temperature and
above the Curie-Weiss temperature. Since
these materials have a spontaneous dipole mo-
ment, ferroelectrics may be characterized by
a bulk surface charge density which depends
upon the magnitude and direction of the po-
larization of the sample. These materials are
promising as advanced cathode materials be-
cause it is possible to liberate electron charge
from the sample. The emission mechanism
.consists of the following sequence of events.
The material is placed in a state very close

to a phase transition. A large electric field is
then applied across the cathode. If the electric
field is of the proper polarity, a phase tran-
sition occurs, causing the cathode to become
paraelectric and forcing the spontaneous elec-
tric dipole moment to zero. When the phase
transition occurs, a large amount of surface

charge remains momentarily unscreened on the’

surface of the cathode. This charge may be
liberated as electrons. For example, the fer-
roelectric lead lanthanum zirconate titanate
(PLZT) has a surface charge of 55 mC/cm?,
corresponding to about 10'* electrons/cm?.
Furthermore, since the amount of unscreened
charge is initially quite large, the emission en-

ergy of electrons from the surface can lie in the

kilovolt range.

The ferroelectric experiment at the University
of New Mexico consists of a ferroelectric sam-
ple placed in the triode configuration shown in
Fig 7. A circular grid 0.27 cm in diameter with
207 transmission forms the emitting surface
on the top of the PLZT wafer. The thickness
of the wafer is 0.33 mm and the grid and plate
are separated by 2.7 cm. The cathode con-
tact on the back of the wafer is grounded. The
drive circuitry is also shown in Fig 7. A bias
voltage, used to produce a preset dipole mo-
ment in the sample, is applied to the grid, and
the pulsed coercive field is applied through a
coupling capacitor. A DC voltage of up to 20
kV is applied between the plate and the cath-
ode contact. Current viewing resistors (CVRs)
provide measurements of the grid current and
plate current, while a current toroid and Ro-
gowski coil have been used to measure current

- in the grid-cathode gap. Voltage measurements
are obtained using resistive dividers.

Preliminary results from these experiments in-

dicate that the initial state of the ferroelectric
clearly affects the electron emission process.

* Emission occurs only when the ferroelectric be-
comes saturated. Electron charge on the order
of 10’s of milliCoulombs have been measured
at electric fields on the order of 10 kV/cm. .
Ferroelectric cathodes compatible with high
current accelerators are expected to be devel-
oped during the course of this investigation.

Finally, in an attempt to increase the thresh-

_old electric field for vacuum breakdown in slow

wave structures, a quasi-DC experiment was

- performed to study the effectiveness of ion

sputter-deposited thin film metallic and ce-
ramic coatings on planar electrodes. Electric
fields as high as 60 kV/mm were sustained
across a 1 mm gap for pulse durations ap-
proaching 10 ps. It is believed that electron

.emission was suppressed by the 500 nm thick
.coatings because whiskers were covered and

localized field enhancements were minimized

(Ref 8).

Future trends in efficient high power microwave
generation using vacuum BWOs will incorpo-
rate new physics, such as carefully taking ad-

“vantage of the backward and forward propa-

gating volume harmonics of the TMy; mode,
as well as technological innovation in the form
of ferroelectric cathodes and novel thin film
coatings.
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Illustrations

Table 1. Parameters of slow wave structure rings.

Ring Typd Maximum | Minimum | Average [ Ripple Ripple
Radius Radius | Radius |Amplitude] Period
{cm] [cm] Jem] fem] fem
A 1.65 1.45 1.550 0.100 1.50
B 1.65 1.38 1.515 0.135 1.50
C 1.65 1.20 1.425 0.225 1.50
D 1.65 1.15 1.400 0.250 1.50
Table 2. Summary of tube configurations.
Tube Configuration Relative | Crystal Diode | Frequency
Power Detector [+0.05 [GHz]
Pulse Width
[ns]
Long Tube A-A-B-B-B-C-C-C-D-D-C 1.0 8.7 9.45
Short Tube #1 C-C-C-D-D-C 0.2 7.2 9.60
Short Tube #2 C-C-C-C-D-D-C 0.7 7.7 9.50
Short Tube #3 C-C-C-C-C-D-D-C 0.5 10.0 9.60
Table 3. Summary of Long Tube results.
Cathode | Beam Input Total RF Diode
Voitage | Current | Power Peak |Conversion| Impedance
[kV]} [kA] [GW] Power | Efficiency | [ohms]
[MW]
475 3.49 1.66 371 0.22 136
508 383 1.95 420 0.22 133
533 4.06 2.16 453 0.21 131
566 4.39 2.48 487 0.20 129
576 4.52 260 494 0.19 128
601 4.86 2.92 519 0.18 124
5.19 3.26 545 0.17 121

627

Fig 1. Cut-away diagram of Sinus-6. (The var-
ious components are described in the text.)
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Efficiency Enhancement of High Power Vacuum
BWO’s Using Nonuniform Slow Wave Structures

Larald D. Moreland, Edl Schamiloglu, Member, IEEE, Raymond W. Lemke,
S. D. Korovin, V. V. Rostov, A. M. Roitman, Kyle J. Hendricks, and T. A. Spencer

Abstract— The Sinus-6, a high-power relativistic repetitively-
puised electron beam accelerator, is used to drive various slow
wave structures in a BWO configuration in vacuum. Peak output
power of about 550 MW at 9.45 GHz was radiated in an 8-
ns pulse. We describe experiments which study the relative
efficiencies of microwave generation from a two-stage nonuniform
amplitude slow wave structure and its variations without an
initial stage. Experimental results are compared with 25 D
particle-in-cell computer simulations. OQur results suggest that
prebunching the electron beam in the initial section of the nonuni-
form BWO results in increased microwave generation efficiency.
Furthermore, simulations reveal that, in addition to the backward
propagating surface harmonic of the TMo, mode, backward and
forward propagating volume harmonics with phase velocity twice
that of the surface harmonic play an important role in high-power
microwave generation and radiation.

I. INTRODUCTION

HERE have been many experimental and theoretical stud-

jes of high-power backward wave oscillators (BWO’s)
[1]. The majority of the work within the United States in-
volved slow wave structures with uniform ripple amplitudes
and periods. Analyses have shown that nonuniform BWO’s
can be designed to yield higher beam-to-microwave power
conversion efficiency than uniform BWO’s 2], [3]. In a
nonuniform BWO, variations in the coupling impedance or
phase velocity affect the interaction between the electron beam
and electromagnetic modes along the length of the tube. The
coupling impedance between the slow space charge wave on
the electron beam and the surface harmonic of the backward
TMg; mode can be modified by varying the ripple amplitude,
or by varying the magnetic field distribution within the tube.
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The phase velocity of this harmonic can be varied along the
length of the tube by gradually changing the period of the
ripples. The efficiencies for converting input beam power into
RF radiation using uniform BWO’s have been reported to be
as large as 15% [2]. Work in the former Soviet Union on
nonuniform BWO’s has shown experimental measurements
of RF efficiencies exceeding 40%, and theoretical predictions
indicate efficiencies may reach 75% in the absence of space
charge effects [2], {3].

The goal of this study is to define the physics of the
nonuniform BWO, which may reveal methods of further
improving the efficiency of microwave generation using the
Sinus-6 accelerator. In particular, we seek to quantify the use
of a shallow ripple-amplitude initial section as a prebuncher
to yield high efficiency operation. Experimental results are
presented which contrast the operation of a nonuniform BWO
both with and without such a prebuncher. A simple model
analyzing the changes in electron energies and their relative
phases along the length of a nonuniform amplitude BWO
provided insight into the mechanism for improved efficiency
using a prebuncher [2], [3].

The complexity of the nonuniform BWO experiment pre-
cludes an exact theoretical analysis using analytical methods.
Therefore, particle-in-cell (PIC) simulation is the most feasible
approach to investigating the physics of the nonuniform BWO.
To this end, we have performed simulation studies of the
experimental configurations using the 2.5 D, relativistic, fully
electromagnetic PIC code TWOQUICK [4]. This code is a
derivative of MAGIC (5].

This paper describes results to-date from a systematic pro-
gram to investigate RF efficiencies of uniform and nonuniform
BWO’s using the Sinus-6 repetitively-pulsed electron beam
accelerator. The Sinus-6 was designed and constructed jointly
by the Institute of High Current Electronics and the Institute
of Electrophysics, and was installed at the University of New
Mexico in June 1992. The advantage of this accelerator is that
it easily yields hundreds of BWO test shots in a single day,
which makes it feasible to compare experimental results with
theoretical calculations and particle simulations. The remain-
der of this paper is organized as follows. Section II describes
the experimental setup and is followed in Section III by a
discussion of the experimental measurements. A discussion
of the PIC code simulation results is covered in Section IV,
in addition to comparisons with experimental results. Finally,
conclusions from this study and plans for future work are

0093-3813/94304.00 © 1994 IEEE
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Fig. 1. Cut-away diagram of the Sinus-6 accelerator. The Tesla transformer
(1) steps up the voltage from 300 V to 700 kV. The high voltage switch (2)
is a nitrogen-filled spark gap, which is pressurized to 16 atm. The oil-filled
adiabatic transmission line (3) matches the 22 2 impedance of the pulse
forming line to the ~ 100 Q impedance of the vacuum diode. The magnetic
field coils (4) enclose the magnetically insulated coaxial vacuum diode which
uses an explosive-emission graphite cathode. A conical horn antenna (5) is
used for extracting microwave radiation.

outlined in Section V. The Appendix provides additional detail
on the calibration of the microwave measurements.

[1. EXPERIMENTAL SETUP

Fig. 1 is a cut-away diagram of the Sinus-6. The Tesla
transformer (1) steps up the voltage from 300 V to 700 kV.
An open ferromagnetic core is used in the Tesla transformer,
which provides a high coupling coefficient between the trans-
former windings. The pulse forming line is contained within
the Tesla transformer, permitting both increased efficiency and
an overall compact system. The high voltage switch (2) is a
nitrogen-filled spark gap, which is pressurized to 16 atm. By
adjusting the pressure the spark gap voltage can be varied from
350 to 700 kV. The oil-filled adiabatic transmission line (3)
matches the 22 ) impedance of the pulse forming line to the
~ 100 9 impedance of the vacuum diode. The magnetically
insulated coaxial vacuum diode uses an explosive-emission
graphite cathode. The diameter of the annular electron beam
is 2 cm with a beam thickness of 1 mm, confirmed using
a witness plate damage diagnostic. A magnetic field with
magnitude up to 3.0 T, used to confine the electron beam, is
generated by a pulsed solenoid system (4). The pulsed system
provides a magnetic pulse duration of 3 ms and requires 10
s to recharge. The Sinus-6 can generate electron beams at a
pulse repetition rate of 200 Hz, but is presently operating at 0.1
Hz due to constraints imposed by the magnetic field system.

The Anode—-Cathode (A-K) gap spacing and applied
magnetic field were held constant and the resultant diode
impedance was about 125 2, depending on the cathode
potential. The electron beam pulse has a full width, half
maximum (FWHM) temporal duration of about 12 ns. Fig. 2
shows typical voltage and current waveforms. The voltage
was measured using a capacitive divider, and the current was
measured using a Rogowski coil. By adjusting the pressure
in the spark gap, cathode voltages from 400 to 650 kV were
tested with corresponding beam currents ranging from 3 to
5 kA.

Total peak radiated power measurements were made using
both a semiconductor microwave detector and a crystal diode
detector, indicated schematically in Fig. 3. Power density
measurements were made 1.6 m downstream from a conical
homn antenna which has a maximum diameter of 15 cm. The
total power was calculated by numerically integrating the
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Fig. 2. Typical voltage and current waveforms from the Sinus-6 accelerator.
(a) The cathode voltage. (b) The corresponding beam current.

radiation pattern that was experimentally mapped. The radiated
frequency was measured by heterodyning the RF signal against
a known oscillator frequency.

The basic tube studied in this work is a nonuniform ampli-
tude configuration we simply call “Long Tube.” This tube is
a two stage slow wave structure constructed from individual
rings for each ripple period. Each ring is a trapezoidally shaped
annulus with a width of 1.5 cm (corresponding to a ripple
period of 1.5 cm) and a maximum radius of 1.65 cm. Four
different rings were used, and their parameters are listed in
Table I. In addition to this basic tube, variations we call Short
Tubes #1-#3 were also studied to elucidate the role of the
initial stage of the Long Tube. As is evident from Table II. the
short tubes are variations of the second stage of the Long Tube.

During its first year of operation at the University of New
Mexico, the Sinus-6 has accumulated over 10000 single shots.

III. EXPERIMENTAL RESULTS

In this section we present experimental data describing
the performance of the Long Tube and its shorter variatious.
Kovalev and colleagues [2] proposed that BWO efficiency can
be improved by bunching the electrons in a weak electric
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(right).

TABLE 1
DIMENSIONS OF SLoW WAVE STRUCTURE RINGS
Ring Typd Maximum Minimum | Average | Ripple Ripple
Radius Radius | Radius [Amplitude{ Period
[em} [em] [em] [em] [cm
A 1.65 1.45 1.550 0.100 1.50
B 1.65 1.38 1.515 0.135 1.50
C 165 1.20 1425 | 0225 1.50
D 1.65 1.15 1.400 0.250 1.50
TABLE 11
SUMMARY OF EXPERIMENTAL TUBE CONFIGURATIONS AND COMPARISONS
Tube Configuration Retauve | Crystal Diode | Frequency
Power Detector  {+0.05 [GHz]
Puise Width
(L Tube A-ABB8L-CLDDL Q m7 45
hort_Tube #1 C-CL-0-0-C .2 72 60
hort_ Tube #2 cLLC-0-D-C 7 7.7 50
short_Tube %3 c-LLL-L-0DL 05 10.0 50

field region at the beginning of the tube, and extracting the
Kinetic energy from the electrons in a strong electric field
at the end of the tube. This electric field configuration can
be achieved by constructing the initial section using shallow
ripple-amplitude waveguide (weak coupling impedance) and
the output section using deeper ripple-amplitude waveguide
(stronger coupling impedance). The Long Tube was designed
based on this principle, and we refer to the initial section as
a “prebuncher.”

The tests with the short tubes were performed to understand
the role of the initial section of the two stage BWO. To ensure
that efficiency enhancement observed using the Long Tube
is due to the initial prebunching section, experiments were
performed using short tubes of various lengths. Short Tube #1
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Fig. 4. Measured and calculated radiation pattern for a TMg1 mode. The
plotted curve is the calculated radiation pattern from [6] for a 500 MW TMo1
mode. Numerical integration of the data points yields a total peak power of
450 MW.

is the output section of the Long Tube. Short Tubes #2 and
#3 are longer to achieve a start current range corresponding
to the Long Tube, but without an initial prebunching section.
The parameters of the tubes are summarized in Table IL

Power density measurements were made using the setup
described above in Fig. 3. A typical mode pattern radiated
by the Long Tube and measured 1.6 m from the output
antenna is shown in Fig. 4. The beam parameters used were
500 kV and 4 kA, and each data point was the average
of 3 to 5 shots. The calculated TMo; radiation pattern (6]
for a total peak power of 500 MW is indicated by the
solid line in Fig. 4. For comparison, the data points were
integrated numerically to yield a total power of 450 MW,
in good agreement with the calculated mode pattern. Since
the radiation pattern was found to be insensitive to slight
changes in frequency, it was sufficient to measure the power
density at the maximum electric field in order to ascertain the
total radiated power. Fig. 5 and 6 present simultaneous power
density measurements of the output of the Long Tube obtained
using the semiconductor microwave power and crystal diode
detector, respectively. Note that the crystal diode detector
has a considerably faster response than the semiconductor
microwave power detector. (See the Appendix for additional
details on the power measurements.)

We now present results from our investigation of the effi-
ciency of microwave generation using the Long Tube. Fig. 7
shows the dependence of peak radiated power on electron
beam current. Each data point in the figure represents the
average of 5 shots and the error bar represents the typical
scatter in the data. The beam current was changed by varying
the pressure in the spark gap switch and the applied voltage
to the cathode. The A-K gap and applied magnetic field were
held constant for all shots. (The cathode voltage and other
parameters used to generate Fig. 7 and 9 are summarized
in Table IIL) In this parameter scan the measured frequency
remained constant at 9.45 £+ 0.05 GHz. '
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Fig. 6. Profile of RF pulse using crystal diode detector (for the same RF
pulse as Fig. 5).

TABLE III
SUMMARY OF REsULTS FROM LonG TuBEe. ToTAL PEakK
MICROWAVE POWER MEASUREMENTS MADE USING SFs Gas BAG

Cathode | Beam Input Total RF Diode
Voltage | Current | Power Peak [Conversion| impedance
[kV] {kA] [GW] Power | Efficiency [ohms]

MW]
475 3.49 1.66 371 022 136
508 3.83 1.95 420 0.22 133
533 4.06 2.16 453 0.21 131
566 4.39 2.48 487 0.20 129
576 4.52 2.60 494 0.19 128
601 4.86 2.92 519 0.18 124
627 5.19 3.26 545 0.17 121

At beam currents above 4 kKA air breakdown near the output
window was observed. Time-integrated photographs showed a
bright annular ring of plasma consistent with a TMg; mode
pattern. In order to suppress the air breakdown, a gas bag
filled with SFg was placed in front of the horn antenna. The
amplitude and pulse duration from the crystal diode detector
were observed to increase when the gas bag was used. Fig. 7
shows the effect of using a gas bag on the microwave power
measurements. Fig. 8 shows the response of the crystal diode
both with and without the SFg gas bag.
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Fig. 7. Peak radiated power from the Long Tube as a function of beam
current. The A-K gap and magnetic field were held constant. The cathxie
voltage can be found in Table II for each data point. A gas bag of SF; was
placed over the output antenna to prevent air breakdown at the higher beam
currents.

100

[0.2]
o

D
o

S
o

N
o

Power Density [kW/cm2]

o

0 5 10 15 20
Time [ns]

{— With Breakdown — With SF6 Gas Bag |

Fig. 8. Comparison of RF pulse profile with air breakdown and with a
SFs-filled gas bag. The dashed line is the RF profile from the crystal diode
detector with SFs gas bag. The solid line shows the RF profile when air
breakdown occurs in front of the output antenna.

The RF conversion efficiency was calculated by comparing
the measured peak radiated microwave power to the peak input
beam power. (Input beam power was obtained by multiplying
the cathode voltage by the beam current.) The dependence of
this efficiency on electron beam current is shown in Fig. 9. The
maximum RF conversion efficiency was 22% and occurred at
the lower beam currents. (Note that the efficiency decreases
for increasing beam current. This will be discussed later in
Section IV.) The maximum radiated microwave power was
about 550 MW, which corresponds to an efficiency of 17%.

As was discussed earlier, to elucidate the role of the pre-
buncher on the efficiency of the Long Tube, experiments were
performed with various short tubes (parameters summarized
in Tables I and II). Sections of cutoff pipe were added to the
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Fig. 9. The RF conversion efficiency for the Long Tube as a function of
beam current. The A-K gap and magnetic field were held constant. The
cathode voltage can be found in Table III for each data point. A gas bag
filled with SFg was placed over the output antenna to prevent air breakdown
at the higher beam currents.

modified tubes to ensure that the A-K gap and the tapered
magnetic field at the end of the tube remained constant.
The beam parameters were approximately 4 kA and 500 kV,
which were chosen to avoid air breakdown associated with the
Long Tube. Data showing the peak output microwave power
generated by the Long Tube and the three short tubes are
given in Table IL It is clear that none of the short tubes are
as efficient as the Long Tube, and amoung the short tubes,
Short Tube #2 is the most efficient, with an efficiency of about
15%. Consistent with the lower relative powers indicated, air
breakdown was never observed with the short tubes, even
when they were driven at the highest input beam powers.
Because the growth rate of the RF fields must decrease with the
difference between the beam current and the start current, we
infer from the RF pulse widths in Table II, that the start current
for the Long Tube is between the start currents for Short
Tubes #2 and #3. Therefore, we conclude that the increased
efficiency of the Long Tube is a result of the prebuncher
and cannot be attributed to the ratio of beam current to start

current.

IV. NUMERICAL SIMULATION OF THE NONUNIFORM BWO

The complexity of the nonuniform BWO geometry pre-
cludes an exact theoretical analysis using analytical methods.
In this case, particle-in-cell (PIC) simulation is the most
feasible approach to investigating the physics of this tube. We
present results froma simulation study performed using the 2.5
D. relativistic, fully electromagnetic, PIC code TWOQUICK
[4]. The latter is a derivative of MAGIC [5].

The goal of this study is to define the physics of the
nonuniform BWO, which may reveal methods of improving
the efficiency of the Sinus-6 tube and BWO’s in general. In
particular, it is of interest to quantify the use of nonuniform
amplitude ripples versus uniform ripples to achieve high
efficiency.

Although we have attempted to model the Sinus-6 ex-
perimental configuration as closely as possible, it must be
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remembered that, with all its sophistication, the PIC simulation
is still an approximation to reality, and therefore it is possible
for model dependent phenomena to arise that influence the
results. These phenomena are either physical or numerical. It is
worthwhile giving an example of each kind, both of which can
significantly affect the results of microwave tube simulations,
and which had to be dealt with in our investigation of the
nonuniform BWO.

In the numerical model the tube is constructed of a single
piece of perfectly conducting material. This implies an infinite
Q (quality factor) for a cavity, or a Q which is dependent
only on the bulk geometry in the case of an aperture for
power extraction, as in the BWO. This is not the case in
reality. The nonuniform BWO, for example, is constructed
by stacking rings made of lossy conducting material. Thus,
RF power can be lost in the material and through the ring
interfaces, in addition to the radiation aperture. Therefore
the Q of the experimental apparatus is lower than in the
numerical simulation. The difference is exacerbated if a lossy
plasma is unintentionally created in the experiment (by an
electron beam impinging on a conductor, for example). This
difference in Q is particularly important for microwave tube
simulations because the higher intrinsic @ can affect both the
temporal behavior and absolute value of the RF output power
(compared to the experiment), in addition to giving rise to
sharp resonances, which may be significantly broadened in
the lower  experimental configuration, and therefore are of
no consequence.

High frequency numerical noise is inherent in PIC simula-
tions and is due to the discretization of the physical problem.
Usually the frequency of numerical noise is much higher than
the RF frequency of interest, and the associated amplitude
is negligible compared to that of the phenomenon under
investigation. However, for certain numerical configurations
the noise becomes unstable at some high frequency (e.g., 50
GHz), and saturates at an amplitude that ruins the fidelity of
the simulation. In TWOQUICK (and MAGIC) a time biased
field solver [7] provides intrinsic damping to eliminate high
frequency noise. Damping occurs at all frequencies, although
to a much lesser extent at the lower frequencies usually of
interest. Nevertheless, numerical damping can significantly
reduce the output power radiated in a microwave tube simula-
tion, an effect that becomes more pronounced as the frequency
of interest increases. Fortunately, numerical damping can be
controlled.

It was necessary to use the time biased field solver to
eliminate large amplitude noise in our simulations of the
nonuniform BWO. Measurements of output power from a
benchmark experiment using a uniform BWO consisting of
eight periods of type C sections were used to adjust the time
biased coefficients [7] until the noise was eliminated and the
simulated value of power agreed with the measured value.
A uniform tube was chosen for the benchmark comparison
because its behavior is relatively well understood compared
to the nonuniform BWO. The amount of numerical damping
(other than zero damping) did not change the simulated
qualitative behavior of this tube; that is, the physics does not
depend on the degree of damping.




MORELAND er al.: EFFICIENCY ENHANCEMENT OF HIGH POWER VACUUM BWO'S USING NONUNTIFORM SLOW WAVE STRUCTURES 559

Long Tube 1 Configuration

30Components of Applied Magnetic Field

2.5¢ v ] r
g ] ] 8 3
20F h . 25¢ * 3
[ AABBBCCCDDCC p g s 3
! ] - 20F 3
= 1.5 o ": ] E 3
5§ ¢ ] T 15 3
& 1.0f E ® ]
[ Inlet Outlet g o E
05f : = sk 3
s ] [ B,
0.0t " M M " M M ] 4 N N N e — .
(] 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Z (cm) Z (cm)
(@) ®)
Injected Beam Current
0 T T 2 J
1 E E
— _2 -
=
52 :
=
=3
O -4 E
-5
-6 N N A
] 5 10 15 20
Time (ns)

Fig. 10. (a) Simulation configuration for the Long Tube. The geometry is cylindrical, with the z-axis corresponding to the axis of symmetry. The various
rings comprising the slow wave structure are labeled with corresponding upper case letters. The electron beam is injected at the inlet. Microwaves are
radiated at the outlet. (b) Axial dependence of the applied magnetic guide field at the radial Jocation r = 1.0 cm, which corresponds to the outer edge

of the beam. (c) Time history of the injected beam current.

Initially the exact beam temporal pulse was used in the
simulations. It was discovered that the RF power saturated
several nanoseconds later than in the experiment, a conse-
quence of the intrinsically high quality factor discussed above.
In the interest of reducing the simulation time, and since we
were only interested in the saturated state, which depends on
the beam equilibrium and geometry, the current rise time was
shortened to one nanosecond. This change did not affect the
saturated state.

Diligent comparison of numerical results with experimental
measurements gives us confidence that our PIC simulations
reveal the internal dynamics of the nonuniform BWO. In
addition to the average radiated power, experimental data
that can be compared directly with simulation results consists
of tube efficiency, oscillation frequency, and the geometrical
pattern of the radiated mode. Variations in the values of these
quantities with changes in the geometrical configuration or
beam parameters, in addition to other information provided by
the simulation, can be used to deduce changes in the internal
dynamics of the experiment. We present results that pertain to
the Long Tube discussed above.

The simulation configuration for the Long Tube is shown in
Fig. 10(a). The tube has cylindrical symmetry with the T-axis
vertical and the z-axis horizontal. The latter corresponds to the
axis of symmetry. Rotating the figure 360° about the axis of
symmetry (perpendicular to the page) produces the complete

geometry.

In Fig. 10(a) the inlet corresponds to the end of the diode
A-K gap, and is the plane at which the electron beam is
injected into the problem. Similar to the experiment, the inlet
is at the beginning of a section of waveguide that cuts off
radiation having the expected oscillation frequency (9.5 GHz).
Thus little or no radiation will reach the injection plane.
Therefore the latter is chosen to be a perfect conductor in
the simulation.

The outlet represents the waveguide which, in the exper-
iment, leads to the antenna. Reflections at the outlet could
possibly have a significant impact on the dynamics of a
simulation [8). We consider only cases for which the outlet
is perfectly transmitting to waves of the expected frequency.
The transmission coefficient at this boundary is insensitive to
small changes (< 10%) in wave oscillation frequency.

The applied external magnetic field used to guide the
electron beam is patterned after the actual magnetic field used
in experiments. Shown in Fig. 10(b) are the axial dependencies
of B, and B, which were calculated using the expressions

By
Bz(r,z) = 4 eC—7a] (1
and
(:-2)/a
By(r.z) = 22p @

= ZT [1 +e(z—z’)/a]2
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Fig. 11. (a) Configuration space of the electron beam. (b) Particle plot of the = component of axial momentum, which is normalized to the electron mass

(m) times the speed of light (c).
of 1.5 times the ripple period. This corresponds to the wavelength of the

where By = 2.6 T is the magnitude of the magnetic field in
the region where it is uniform. The free parameters o and 2’
are set to ensure that the electron beam is dumped beyond the
interaction region, but before the outlet. The magnetic field
described by (1) and (2) satisfies the divergence equation.

Beam equilibrium parameters are based on experimentally
measured values. The simulated current pulse is shown in
Fig. 10(c) for a 5 kA electron beam. For reasons explained
above an artificially short rise time of 1 ns is used. The cor-
responding voltage is 600 kV, and is constant throughout the
current pulse. Simulations show that the saturated steady state
is not affected by the initial transient state of the electron beam.

The electron beam cross section is annular. The associated
current density is uniform in the annulus, which is defined by
085 < r £ 1.00 cm.

It is expected that the dynamics of the nonuniform BWO
will be fundamentally similar to a conventional uniform BWO,
in which a slow space-charge wave of the beam interacts with
the surface harmonic of the backward traveling transverse
magnetic (TM) wave [9]. Simulations confirm this hypoth-
esis, but reveal some differences that may result in higher
efficiencies for tubes with nonuniform slow wave structures.

Fig. 11-15 contain results from a simulation of the Long
Tube. Fig. 11 shows several different representations of the
beam at a time when the RF fields in the nonuniform BWO
have saturated, about 14.9 ns into the simulation.

(c) Contour plot of electron charge density. which shows that the electron beam is modulated with a spatial wavelength

slow space charge wave.

Fig. 11(a) shows the position of the beam relative to
the geometry, and the location of the beam dump. The
beam, which is injected at the left-hand boundary (inlet)
and travels from left to right, has clearly become modulated
(bunched).

Fig. 11(b) is a plot of the (relativistic) electron axial mo-
mentum versus z (z component of phase space), which shows
that velocity modulation first occurs in the section comprised
of relatively shallow rings (AABBB) where the coupling of
the beam to the surface wave of the slow wave structure is
weak. In addition, the spatial variation of the momentum in
this section is longer (about twice as long) than downstream,
which suggests the presence of multiple space harmonics of
the axial electric field (E.).

A plot of electron charge density contours, shown in
Fig. 11(c), confirms that significant density modulation has
occurred, which is indicative of a strong interaction between
the slow space charge wave on the beam with the slow TM
surface harmonic associated with the slow wave structure. The
period of the density bunches is the wavelength of the slow
space charge wave, which is about 1.5 times the structure
period in this case. Comparison of Fig. 11(c) with Fig. 11(a)
and 11(b) shows that density bunches coincide with a local
minimum in the axial momentum, which implies that electrons
in a bunch always experience a decelerating electric field, a
minimum requirement for efficient operation.
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Fig. 12. (a) Time history of the voltage across the gap between the second
and third B sections in the Long Tube. and (b) the corresponding frequency
spectrum.

The oscillation frequency of the nonuniform BWO is ob-
tained from the Fourier transform (FT) of the time history of
the RF voltage across the gap formed by the second and third B
sections (see Fig. 10(a)). The RF voltage time history is shown
in Fig. 12(a). and the corresponding frequency spectrum in
Fig. 12(b). The FT is taken for times after the voltage has
reached a steady state, which in this case corresponds to
6 < t < 20 ns. This temporal window sets the frequency
resolution to A f = 35 MHz. The oscillation frequency of the
dominant TM mode is 9.57 GHz + Af, which is in good
agreement with the measured value of 9.45 GHz.

The temporal modulation of the RF voltage evident in
Fig. 12(a) is due to a small amplitude (10 kV) oscillation with
a frequency of 9.14 GHz, which is possibly due to reflections at
the downstream end of the tube. This oscillation is not present
in simulations in which the last C section is replaced with an
A section, which provides a less abrupt transition to the outlet
waveguide, and does not affect the average value of the RF
output power.

The component of RF voltage at 19.14 GHz (twice the
dominant frequency) is due to radiation generated by the
corresponding harmonic of the modulated beam current. The
amplitudes of these higher harmonics increase downstream
as the beam current becomes more modulated due to its
interaction inside the slow wave structure.
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Fig. 13. (a) Plot of E. versus z at r = 0.1 cm. (b) The corresponding
Fourier spectrum showing the dominant space harmonics.

To understand the interaction of the beam with the electric
fields in the nonuniform BWO it is necessary to isolate the
dominant space harmonics of E.. Plots of the total E. versus
r (from simulations) only reveal that E. has a maximum on
axis. In conjunction with the known oscillation frequency this
indicates the presence of a fast TMg; space harmonic (phase
velocity greater than the speed of light c), the frequency of
which is set by the radius of the waveguide wall. For this
reason we refer to this harmonic as a volume harmonic, to
distinguish it from the surface harmonic that is due to the
slow wave structure.

The dominant space harmonics are isolated by Fourier
transforming a plot of E, versus z for a particular radial
location (axial slice plot). Fig. 13(a) is such a plot for r =
0.1 cm, near the axis. Fig. 13(b) is the spatial spectrum of
E,, which shows two dominant space harmonics having nor-
malized wave numbers of (k,—0)zo = 1.75 and (kn=—1)20 =
3.50, corresponding to wavelengths of A\g =5.4cmand A_; =
2.7 cm, respectively. Knowing the oscillation frequency, basic
considerations indicate that the long wavelength component
must be the TMy; volume harmonic. The shorter wavelength
is similar to the spatial separation of the density bunches
observed in Fig. 11, and must be associated with the TMy;
surface harmonic, the phase velocity of which is less than c.
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Fig. 14. Approximate dispersion diagram for Long Tube showing the first
two passbands, which are labeled TMp; and TMp2. The wavenumbers
obtained from the simulation are designated by an asterisk and are labeled
—kp—o, kn=o0, and k,=_1, which correspond to backward and forward
traveling fast waves (volume harmonics), and the backward traveling slow
wave (surface harmonic), respectively.

The previous notation used for the wave numbers of the
dominant space harmonics comes from the Floquet series for
the total E, component, which is given by

x
E.(r.z,t) = z Em(r)ei(“"t'k"z) 3)

n=—oC

where k, = ko + (27n)/z0, 2o is the ripple period, and w is
the angular frequency of oscillation.

The eigenfunction E.n(r) satisfies Bessel’s equation of
order zero, which has the solution

E, (r) = A, Jo(Tar) (4)

where T, = y/ (uj/c)2 — k2, and Jp is the Bessel function of

the first kind of order 0.

For fast waves [, is real, so F. has a maximum on the axis
(where Jg is largest). For slow waves Iy, is imaginary. In this
case the radial dependence of E.,(r) is given by the modified
Bessel function of the 1st kind Io(—:T',7), which implies that
the maximum of the eigenfunction occurs away from the axis.
A more rigorous analysis shows that the maximum OCCurs near
the surface of the slow wave structure.

The nature of the dominant space harmonics is further
clarified by superimposing the wave numbers obtained from
the simulation (all having an oscillation frequency of 9.57
GHz) on a dispersion diagram for the nonuniform BWO.
The latter is approximated by the dispersion diagram for an
infinitely long uniform BWO consisting of C type sections and
no electron beam, which is shown in Fig. 14. The beam line
corresponding to a voltage of 600 kV is superimposed on the
diagram. The wave numbers obtained from the simulation are
indicated by asterisks and are labeled with the notation used
above to indicate volume and surface harmonics.

It is clear from Fig. 14 that the surface harmonic (kn=—1) is
indeed the slow TMg; backward traveling wave that couples to
the space charge wave on the electron beam. A self consistent
analysis shows that the beam space charge wave distorts the
TM,; mode where they intersect [9], which explains why the
frequency of the surface harmonic does not coincide with a
point on the curve in Fig. 14.
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Also indicated in Fig. 14 are forward and backward travel-
ing volume harmonics. both of which are part of the TMy;
mode. The backward traveling component arises from the
interaction of the beam with the electromagnetic fields inside
the slow wave structure. It coexists with the surface harmonic,
and is necessary to satisfy boundary conditions at the cutoff
waveguide. The amplitude of the backward traveling volume
harmonic relative to that of the surface harmonic depends in
part on the ripple depth and the waveguide radius [10]. For a
given waveguide radius increasing the ripple depth increases
the amplitude of the surface harmonic relative to that of the
backward traveling volume harmonic. While both are reflected
at the cutoff waveguide. it is the forward traveling component
which escapes the BWO and comprises the radiated power.

The instantaneous output power is obtained by calculating
the integral of the Poynting flux over the cross section of
the outlet. Fig. 15(a) compares the input beam power with
the RF output power, the average of which is 453 MW. The
corresponding tube efficiency is 15.3%, which is lower than
the 18% measured in the experiments for the same beam
parameters.

The Fourier spectrum of the power, Fig. 15(b). is computed
after subtracting off the average value. The power associated
with an oscillation frequency f occurs at a frequency 2f. The
frequency spectrum shows that most of the power is radiated
in the TMp; mode (2f = 19.14 GHz), which agrees with the
experiment. The output power is modulated due to the 9.14
GHz oscillation observed in the RF voltage (Fig. 12), which
is attributed to finite length effects.

Changing the beam parameters to current = 3.5 kA and
voltage = 500 kV reduces the output RF power to 329 MW,
but increased the tube efficiency to 18.8%, in qualitative
agreement with the experiment. This behavior may be an
indication that the larger current is too high relative to the
start current (I..) for efficient operation [8}. {11].

A nonlinear theory [8] of the uniform BWO indicates that
tube efficiency begins to decrease for beam currents greater
than about 2.51, due to overbunching of the beam produced
by the large amplitude RF electric field. The start current
for the Long Tube was calculated by performing a series of
simulations in which the current is reduced until no growth
occurs during a 20 ns interval; that is. until the linear growth
rate is effectively zero. In this manner we deduced a start
current of I, = 0.9 kA for the Long Tube, which includes
end reflections. Thus. both beam currents used in simulations
are larger than the start current. In qualitative agreement with
theory, the larger of the two currents results in lower tube
efficiency.

The picture of nonuniform BWO operation derived from
simulations is that the beam interaction with the slow wave
structure produces a TMg; mode that consists of backward
traveling surface and volume harmonics, which correspond to
slow and fast waves, respectively. The fast wave is reflected
at the cutoff waveguide producing a forward traveling volume
harmonic, which is radiated from the downstream end of
the BWO (where it may also be partially reflected). Similar
behavior is observed in simulations of BWO’s with uniform
amplitude ripples.
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Fig. 15. (a) Input beam power and output RF power versus time for the
Long Tube, and (b) the corresponding Fourier spectrum. The average output
RF power is 453 MW, which is calculated in the region where the power
has saturated (¢ > 10 ns). The frequency spectrum indicates that most of the
radiated power is in the TMp; mode.

Reflections of the various wave harmonics at the discon-
tinuities in the nonuniform BWO produce standing waves.
Thus, the energy conversion process will in general depend
on both the slow and fast waves {10]. An appropriate choice
of the slow wave structure length would allow the beam to
give up energy directly to the fast wave through transit time
effects. In addition, the standing wave electric field causes
the beam to become bunched prior to entering the region of
strong coupling, as shown in Fig. 11. This prebunching would
enhance the interaction of the beam with the surface wave,
thereby increasing the tube efficiency.

The possibility of increasing power conversion efficiency
through prebunching and enhanced transit time effects repre-
sents an advantage of using a nonuniform amplitude slow wave
structure over an uniform structure in a BWO. Ongoing work
suggests that prebunching the beam increases the efficiency of
a BWO in general [12], [13], independent of structure type.

V. CONCLUSION

The purpose of this study was to elucidate the role of the
initial section of the two stage BWO. The nonuniform ampli-
tude BWO (the Long Tube) had peak RF efficiencies ranging

from 17 to 22%, depending on the input beam parameters. The
highest peak power generated was about 550 MW at a cathode
voltage of 620 kV and beam current of 5.2 kA. The microwave
pulse duration was typically 8 ns at an RF frequency of 9.45
GHz. A gas bag filled with SFg placed around the homn antenna
was necessary to suppress air breakdown at these power levels.
Experiments showed that the RF efficiency of the Long Tube
was considerably greater than the RF efficiency of comparable
tubes without the prebunching section.

TWOQUICK simulations provided a comprehensive picture
of the prebunching of the electron beam in the initial section
of the nonuniform amplitude slow wave structure. There
was good agreement between the experiment and simulation
results.

The results from the PIC simulations indicate that, in
addition to the surface harmonic of the backward wave, the
forward traveling volume harmonics may play an important
role in the energy exchange process in the BWO. We therefore
propose that it may be possible to design an uniform BWO
where the forward traveling volume harmonics can serve the
role of a prebuncher. This is presently an area of investigation
in our laboratory.

APPENDIX

A. Calibration of Semiconductor Microwave Power Detector

The operation of the semiconductor microwave power de-
tector is based on the response of the fast electrons in the
semiconductor to an applied RF electric field. The fast elec-
trons cause the bulk resistance of the semiconductor to change.
The semiconductor is located inside a WR-90 waveguide. The
detector is biased by a 100-us, 50 V pulse and its transient
voltage response, which is proportional to the RF pulse’s
power, is recorded by an oscilloscope. In our experiments,
the semiconductor microwave power detector output was
compared with a crystal diode detector, and independently cali-
brated using a magnetron. An advantage of the semiconductor
microwave power detector is that it yields a video voltage
pulse at the high-power levels being measured. The crystal
detector, on the other hand, requires an attenuation of the RF
pulse by over 70 dB in order to avoid damaging the crystal.
Periodic calibration of the attenuation using a scalar network
analyzer is required. These two detectors provide independent
checks on the power measurements.

B. Comparison of Detector Responses

It is clear from Fig. 6, shown earlier, that the response time
of the crystal detector is less than one nanosecond. Fig. 5, on
the other hand, shows that the response of the semiconductor
microwave power detector is several nanoseconds. In fact, the
curves in Fig. 5 and 6 were found to match if the data from
the crystal detector was averaged over two nanoseconds.

C. Effective Area of WR-90 Waveguide Antenna

We used an open-ended section of WR-90 waveguide as
the receiving antenna for our microwave detectors. This wave-
guide has a geometric cross sectional area of 2.32 cm?. Tests
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performed found that the effective area for open-ended WR-90
waveguide varied from 2.5 to 3.7 cm? for frequencies between
9 to 10 GHz. To calculate total radiated microwave power, we
used the conservative value of 3.7 cm? for the effective area.

D. Frequency Measurements

To measure the radiated microwave frequency, the RF pulse
is mixed with a local oscillator (LO) signal, as shown earlier
in Fig. 3. The resultant intermediate frequency (IF) signal is
displayed on an oscilloscope (Tektronix TDS 644A digitizing
oscilloscope with a 2 gigasample per second sampling rate
and a 500 MHz bandwidth). Fig. 16(a) shows the IF signal
generated by mixing a 9.10 GHz LO signal with the radiated
output from the Long Tube. Fig. 16(b) is the Fourier transform
of this IF signal. From this figure, the dominant IF frequency
is found to be 350 MHz which, when added to the LO
frequency of 9.10 GHz, yields a primary RF frequency of
9.45 GHz. The IF measurements were made with the LO
frequency both below and above the RF frequency to resolve
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any ambiguities in the difference measurements. For a variety
of LO frequencies. the main frequency component generated
by the long tube was consistently measured to be 9.45 GHz.
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EFFECTS OF USING A NONUNIFORM-AMPLITUDE SLOW WAVE
STRUCTURE IN A REPETITIVELY-PULSED, HIGH POWER RELATIVISTIC
BACKWARD WAVE OSCILLATOR.* *

L. D. Moreland, E. Schamiloglu, R. Lemke,$ J. Gahl, D. Shiffler
University of New Mexico
Department of Electrical and Computer Engineering
Albuquerque, New Mexico 87131

Abstract

The University of New Mexico Pulsed Power and Plasma
Science Laboratory is conducting a systematic investigation of
nonuniform-amplitude backward wave oscillators (BWOs) using
the SINUS-6, a high power relativistic repetitively-pulsed electron
beam accelerator The Sinus-6 produces a 12 ns microwave pulse
with a peak power of 600 MW at 9.6 GHz. Efficiencies of
microwave generation using both uniform and nonuniform-
amplitude BWOs are measured and compared with TWOQUICK
{(MAGIC) computer simulations. Each BWO structure is tested
hundreds of times over a wide range of input parameters. The
plentiful data allow for careful comparisons with theoretical
models. Initial results confirm that prebunching the electron beam
in a nonoscillating shallow ripple section results in increased
microwave generation efficiency. Finally, experimental results
from a high power serpentine mode converter based on a design of
the Institute of Applied Physics, Nizhny Novgorod, Russia are also
presented. The converter changes the dominant TMg; mode
output of the BWO to a TE|] mode with very high conversion
efficiency.

Introduction

There have been many experimental and theoretical studies
of high power backward wave oscillators (BWOs) [1). The
majority of the work within the United States has used uniform
amplitude and period slow wave structures. The efficiencies for
converting input beam power into RF radiation using these devices
have been reported to be as large as 15%. Work from the former
Soviet Union on nonuniform BWOs has shown experimental
measurements of RF efficiencies exceeding 40% and theoretical
predictions indicate efficiencies may reach 75% [2,3].

This paper describes a systematic program at the University
of New Mexico to investigate RF efficiencies of uniform and
nonuniform BWOs using the Sinus-6 repetitively-pulsed electron
beam accelerator. The advantage of this accelerator is that it easily
yields hundreds of BWO test shots in a single day, which allows
for careful comparison of experimental results with theoretical
calculations.

Fig. 1 Cut-away view of Sinus-6.

Sinus-6

The Sinus-6 (pronounced CEE-NUSS) is a high current,
repetitively pulsed electron beam accelerator. Figure 1 is a cut-
away diagram of the Sinus-6 with the following components: 1)
Tesla transformer and pulse forming line which steps up the
voltage from 300 V to 700 kV; 2) nitrogen-filled spark gap switch
which is pressurized up to 18 atmospheres; by adjusting the
nitrogen pressure, the spark gap voltage can be varied from 400
kV to 700 kV; 3) oil-filled adiabatic line which matches the 22 Q
input to a 100 Q output; and 4) magnetically insulated coaxial
vacuum diode with a cold explosive-emission graphite cathode. A
magnetic field of 2.6 Tesla used to confine the electron beam is
generated by a pulsed solenoid system. The pulsed system
provides a magnetic pulse duration of 3 ms and requires 8 s to
recharge. The Sinus-6 can rep rate its electron beam at 200 Hz but
is currently operating at a single shot every 10 seconds, limited by
the magnetic field system.

The electron beam pulse has a full width, half maximum
(FWHM) temporal duration of 12 ns. Figure 2 shows voltage and
current traces. By adjusting the pressure in the spark gap, cathode
voltages from 400 to 650 kV were tested along with beam currents
ranging from 3 to 5 kA.

For each different BWO structure, hundreds of test shots
were made over the range of input parameters given above. The
Sinus-6 provides a "work horse” to test many BWO structures over
a wide range of input parameters. Within its first year of
operation at the University of New Mexico, the Sinus-6 has
accumulated over 10,000 single shots.

Sinus-6 Voltage and Current Traces
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Fig. 3 Nonuniform-amplitude slow wave
structures.

Nonuniform BWOs

Analysis has shown that nonuniform BWOs can be designed
to operate more efficiently than uniform BWOs [2,3]. A
nonuniform BWO can be constructed by varying the amplitude of
the ripple in the slow wave structure, or by varying the period of
the ripple. Varying the amplitude of the ripple changes the
coupling resistance between the slow surface and the TMg modes.
Varying the period of the ripples changes the phase velocity of the
slow surface wave. Our initial studies used a nonuniform-
amplitude BWO structure provided by the High Current
Electronics Institute, Tomsk, Russia. Figure 3a shows this
structure. Variations of this structure were tested. The BWO
structure is constructed from individual rings for each ripple
period. In this manner, the structure can be quickly changed to
any combination of ripple amplitudes. Each ring has a width of
1.5 cm (corresponding to a ripple period of 1.5 cm) and a
maximum radius of 1.65 cm. Four different types of rings were
used with ripple amplitudes of 1.0 mm, 1.35 mm, 2.25 mm and
2.5 mm. The original structure studied (referred to as Tube #1 and
shown in Fig.3a) has two sections, a first section with shallow
ripples followed by a second section with deeper ripples. A
variation of this tube is Short Tube #1 where the shallow first
section is eliminated, as shown in Fig. 3b. A second variation of
our original tube is shown in Figs. 3c and 3d where the amplitude
of the six ripple periods of the second section are the same. These
tubes are referred to as Tube #2 and Short Tube #2.

Experimental Results

We now present experimental data in which the BWO
sections were tested separately. The RF efficiency was obtained
by dividing the maximum total RF power divided by the total peak
input beam power (cathode voltage multiplied by beam current).
When the shallow section was tested alone, no RF radiation was
detected with beam currents up to 4.5 kA. When the second stage
of deeper ripples was tested alone (Short Tube #1), the RF
efficiency was plotted as a function of input beam power in Fig. 4
and has a maximum RF efficiency of about 5%. The full BWO
(Tube #1) results are plotted in Fig. 5 and indicate a maximum
efficiency of 25 to 30%. The results for Tube #2 and Short Tube
#2 are shown in Figs. 6 and 7. When the RF efficiencies for Tube
#1 and Tube #2 are compared with beam current, as shown in
Figs. 8 and 9, the maximum RF efficiency occurs at approximately
twice the start current.
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Mode Conversion

The TMg) mode is the dominant mode in the slow wave
structure. A conical horn antenna with a diameter of 15 cm was
used to radiate the RF energy. Power density measurements were
made in the horizontal plane at a distance of 1.7 m from the hom
aperture. Using the nonuniform-amplitude BWO (Tube #1), the
radiation pattern from the TM() mode is shown in Fig. 10. The
measurements in Fig. 10 are compared with the calculated
radiation pattern from a 600 MW TM_g; source [4]. Next a mode
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Fig. 10 TMy) radiation pattern.
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converter based on a design of the Institute of Applied Physics,
Nizhny Novgorod, Russia was used to convert the TMg| mode to
a TEj| mode [5]. The measured radiation pattern using the mode
converter is shown in Fig. 11 and compared with a Gaussian
radiation pattern of 600 MW total power and a half power beam
width of 12 degrees. The mode conversion efficiency was nearly
100% within the limits of experimental error. The Gaussian-like
radiation pattemn is useful for applications, such as high power
radars [6].
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Sandia National Laboratories' version of MAGIC,
TWOQUICK, was used to perform computer simulations to
compare with experimental results. The computer simulations
allow "snapshots® to be taken of the BWO operation. ., By
calculating and plotting the charge density of the electron beam
throughout the tube, the slow surface wave on the beam can be
observed, as shown in Fig. 12. These results indicated that the
surface wave has a wavelength equal to approximately 1.5 ripple
periods. By plotting the intensity of the longitudinal electric field
within the tube, the volume mode of the tube can be observed.
The wavelength of the volume mode is approximately equal to 3
ripple periods. The tube is overmoded and the extraction of power
through the volume mode minimizes microwave breakdown

problems.

o
4
or

1o

.o

Fig. 12 Electron beam density from TWOQUICK
(MAGIC) simulation.
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Simulations provided good agreement with experimental
measurements of the operating frequency of the BWOs.
Simulations confirm that the first stage of shallow ripples in the
original two-section structure does not oscillate. Simulations also
indicate that efficient BWO operation occurs when the beam
current is approximately twice the starting current for the
oscillating section, consistent with experimental measurements.
Simulations could not predict actual operating efficiencies in all
cases due to resonance effects associated with artificially low
power losses in the ideal model. However, the scaling appears to
be in agreement provided that the tubes are not oscillating in the
vicinity of a cavity resonance in the simulations.

Conclusions

The nonuniform-amplitude BWOs tested resulted in peak
RF efficiencies of 25 to 35%. The maximum values for RF
efficiencies occurred at approximately twice the start current,
consistent with computer simulations. When the two sections were
tested individually, the first shallow ripple section did not radiate
measurable RF power and the second deeper ripple section showed
RF efficiencies of less than 5%. The increased efficiency of the
two section BWOs can be attributed to the prebunching of the
electron beam by the nonoscillating first section.

TWOQUICK MAGIC simulations provided insight into the
interaction of the surface mode and volume mode inside the slow
wave structure. Simulation results were sensitive to the cavity Q's
of the set-up. Agreement with experimental measurements were
good when the simulations were not near resonance.

A high power serpentine mode converter resulted in power
densities as large as 450 kW/cm? being measured 1.7 m from the
radiating antenna. The TMp to TEj| conversion efficiency was
nearly 100%, consistent with theoretical predictions [5]

+ In collaboration with the High Current Electronics Institute,
Tomsk, Russia.

* Research supported by AFOSR Grant # F49620-92-J-0157DEF
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ABSTRACT

The efficiency of high peak power microwave generation in X-band backward-
wave oscillators is being studied. In the short pulse regime, nonuniform slow wave
structures are driven by a Sinus-6 repetitively-pulsed, relativistic electron beam ac-
celerator. Peak microwave power exceeding 550 MW at 9.45 GHz has been measured
in an 8 ns pulse with corresponding beam-to-microwave conversion efficiency of 18%,
although efficiencies approaching 25% were achieved at reduced input beam param-
eters. A high power serpentine mode convertor transforms the TMy, mode radiated
by the BWO to a Gaussian-like TE;; mode, resulting in power densities as large as
450 kW/cm? being measured 1.6 m downstream from the conical horn antenna. Ex-
perimental results are compared with 2.5 D particle-in-cell simulations which reveal
that, in addition to the backward propagating surface harmonic of the TMy; mode,
backward and forward propagating volume harmonics with phase velocity twice that
of the surface harmonic play an important role in efficient microwave generation.
In a companion set of experiments, a modified PI-110A long pulse, single shot elec-
tron beam accelerator is used to drive slow wave structures originally developed for
the short pulse experiments. Preliminary results indicate that microwave radiation
terminates within the first 100 ns of the 450 ns electron beam pulse.

INTRODUCTION

High power vacuum backward-wave oscillators (BWOs) have been studied exper-
imentally and theoretically for about 25 years.!'? The resurgence in interest in these
classical microwave tubes coincided with the development of pulsed high current rel-
ativistic electron beam accelerators. A BWO consists of an electron beam guided by
a strong axial magnetic field propagating through a rippled-wall slow wave structure.
Researchers in the Former Soviet Union developed several generations of repetitively-
pulsed electron beam accelerators based on Tesla transformer technology with very
high coupling efficiencies.? In addition, they developed “advanced” slow wave struc-
tures which were motivated by theoretical analyses showing that nonuniform BWOs
can be designed to yield higher beam-to-microwave power conversion efficiencies than
uniform BWOs (see Refs. 3.4 and references therein). In a nonuniform BWO, varia-
tions in the coupling impedance or phase velocity affect the interaction between the
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electron beam and electromagnetic modes along the length of the tube. The cou-
pling impedance between the slow space charge wave on the electron beam and the
surface harmonic of the backward TM,; mode can be modified by varying the ripple
amplitude, or by varying the magnetic field distribution within the tube. The phase
velocity of this harmonic can be varied along the length of the tube by gradually
changing the period of the ripples. The efficiencies for converting input beam power
into RF radiation using uniform BWOs have been reported to be as large as 15%.°
Work in the former Soviet Union on nonuniform BWOs has shown experimental
measurements of RF efficiencies exceeding 40%, and theoretical predictions indicate
efficiencies may reach 75% in the absence of space charge 34

This paper describes progress-to-date on a research program that seeks to de-
fine the physics of efficient microwave generation in uniform and nonuniform BWOs
in both the short pulse and long pulse regimes in vacuum. Basic understanding is
gained from experiments using the Sinus-6, a repetitively-pulsed relativistic electron
beam accelerator developed jointly by the High Current Electronics Institute ( Tomsk,
Russia) and the Institute of Electrophysics (Eknterinburg, Russia). This basic un-
derstanding is then transferred to the PI-110A long pulse experiments. It is expected
that technological innovation' will lead to advances in long pulse BWO operation
beyond the 100 ns barrier? that researchers have typically faced. One of the goals of
this study is to increase microwave generation efficiency in vacuum without resorting
to a plasma fill.®

SHORT PULSE EXPERIMENTS

Recent experiments using the Sinus-6 seek to quantify the use of a shallow ripple-
amplitude initial section of a nonuniform amplitude BWO as a prebuncher to increase
microwave generation: efficiency. Figure 1 presents a diagram of the Sinus-6. The
Tesla transformer (1) steps up the voltage from 300 V to 700 kV. An open ferromag-
netic core is used in the Tesla transformer, which provides a high coupling coefficient
between the transformer windings. The pulse forming line is contained within the
Tesla transformer, permitting both increased efficiency and an overall compact sys-
tem. The high voltage switch (2) is a nitrogen-filled spark gap, which is pressurized
to 16 atmospheres. By adjusting the pressure the spark gap voltage can be varied
from 350 to 700 kV. The oil-filled adiabatic transmission line (3) matches the 22
impedance of the pulse forming line to the =~ 100 Q2 impedance of the vacuum diode.
The magnetically insulated coaxial diode uses an explosive-emission graphite cathode
(2 cm diameter with a 1 mm annular wall thickness). A uniform magnetic field up
to 3.0 T in magnitude, used to confine the electron beam, is generated by a pulsed
solenoid system (4). The pulsed system provides a magnetic field pulse duration of 3
ms and requires 10 s to recharge. The Sinus-6 can generate electron beams at a pulse
repetition rate of 200 Hz, but is presently operating at 0.1 Hz due to constraints
imposed by the magnetic field system.

The Anode-Cathode (A — K) gap spacing and applied magnetic field were held
constant and the resultant diode impedance was about 125 2, depending on the
cathode potential. The electron beam pulse has a full width, half maximum (FWHM)
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FIG. 1. Diagram of the Sinus-6 accelerator (the various components are described
in the text).

temporal duration of about 12 ns. Cathode voltages are measured using a capacitive
divider and beam currents are measure using a8 Rogowski coil. By adjusting the
pressure in the spark gap, cathode voltages from 400 to 650 kV are generated with
corresponding beam currents ranging from 3 to 5 kA.

Total peak radiated power measurements were made using both a semiconductor
microwave detector and a crystal diode detector. (Additional information on the
measurement techniques can be found in Ref. §). Power density measurements were
made 1.6 m downstream from a conical horn antenna which has a maximum diameter
of 15 ecm. The total power was calculated by numerically integrating the radiation
pattern that was experimentally mapped. The radiated frequency was measured by
heterodyning the RF signal against a known oscillator frequency.

The basic tube studied in this work is a nonuniform amplitude configuration
referred to as the “Long Tube”. This tube is a two stage slow wave structure con-
structed from individual rings for each ripple period. and was designed based on the
work of Kovalev and colleagues.® Each ring is a trapezoidally shaped annulus with
a width (ripple period) of 1.5 cm and a maximum radius of 1.65 cm. Four different
rings were used, and their parameters are listed in Table I(A).

In addition to this basic tube, variations referred to as Short Tubes #1-#3 were
also studied to elucidate the role of the initial stage of the Long Tube. As is evident
from Table I(B), the short tubes are variations of the second stage of the Long Tube.
These short tubes have a start current in the range of the start current for the Long
Tube.

A typical mode pattern radiated by the Long Tube and measured 1.6 m from
the output antenna is shown in Fig. 2(a). The beam parameters used were 500 kV
and 4 kA, and each data point was the average of 3 to 5 shots. The calculated TM,,
radiation pattern for a total peak power of 500 MW is indicated by the solid line
in Fig. 2(a). For comparison, the data points were integrated numerically to yield a
total power of 450 MW, in good agreement with the calculated mode pattern. Since
the radiation pattern was found to be insensitive to slight changes in frequency, it
was sufficient to measure the power density at the maximum electric field in order to
ascertain the total radiated power. Figure 2(b) presents a measured mode pattern
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TABLE I(A). Parameters of slow wave structure rings; (B). summary of tube
configurations; (C). summary of Long Tube results.

(A)
Ring Typd Maxmum | Minimum | Average | Ripple | Ripple
Radius Radius Radius |Amplitude| Period
fem] fem] [em] [em] fem}
A 1.65 145 1.550 0.100 1.50
B 1.65 1.38 1515 0.135 1.50
C 1.65 1.20 1425 0.225 1.50
D 165 1.15 1 400 0.250 1.50
(B)
Tube Configuration Retative | Crystal Dioge | Frequency
Power Detector {+0.05 [GHz)
Pulse Width
1 [ns]
Long Tube A-A-B-8-B-C-C-C-D-D-C 1.0 87 i 9 45
Short Tube #1 C-C-C-0-D-C 0.2 72 9 60
Short Tube #2 c-C-C-C-D-DC 0.7 1.7 950
Short Tube #3 c-C-C-CLC-D-D-C 0.5 10.0 9 60
(©)
Cathode | Beam Input Total RF Dioce
Voitage | Current | Power Peak [Conversion|!mpedance
xv} (kA] (W) Power | Efficiency | [obms]
MW]
475 349 1.66 371 0.22 136
508 3.83 1.95 420 0.22 133
533 4.06 2.16 453 0.21 131
566 4.39 248 487 0.20 129
576 4.52 2.60 4394 0.19 128
601 4.86 2.92 519 0.18 124
627 519 3.26 545 0.17 121
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when a mode convertor” is placed between the slow wave structure and conical horn
antenna. This mode convertor was constructed based on the design of Denisov and
colleagues at the Institute of Applied Physics (Nizhny Novgorod, Russia).”

Figure 3 shows the dependence of peak radiated power using the Long Tube on
electron beam current. Each data point represents the average of 5 shots and the
error bar displays the typical scatter in the data. The beam current was changed by
varying the pressure in the spark gap switch and the applied voltage to the cathode.
The A - R gap and applied magnetic field were held constant for all shots. The
results from Long Tube over a range of parameters are summarized in Table I(C).

At beam currents above 4 kA air breakdown near the output window was ob-
served. Time-integrated photographs showed a bright annular ring of plasma consis-
tent with a TMy,; radiation mode pattern. In order to suppress the air breakdown,
a gas bag filled with SFq was placed in front of the horn antenna. The amplitude
and pulse duration from the crystal diode detector were observed to increase when
the gas bag was used. Figure 3 shows the effect of using a gas bag on the microwave
power measurements.

To elucidate the role of the prebuncher on the efficiency of the Long Tube,
experiments were performed with various short tubes (parameters summarized in
Tables 1(A) and (B)). Sections of cutoff pipe were added to the modified tubes to
ensure that the A — K gap and the tapered magnetic field at the end of the tube
remained constant. The beam parameters were approximately 4 kA and 500 kV,
which were chosen to avoid air breakdown associated with the Long Tube. Data
showing the peak output microwave power generated by the Long Tube and the
three short tubes are given in Table I(B). It is clear that none of the short tubes
are as efficient as the Long Tube, and Short Tube #2 is the most efficient, with
an efficiency of about 15%. Consistent with the lower relative powers indicated, air
breakdown was never observed with the short tubes, even when they were driven
at the highest input beam powers. Because the growth rate of the RF fields must
decrease with the difference between the beam current and the start current, it can
be inferred from the RF pulse widths in Table I(B) that the start current for the
Long Tube is between the start currents for Short Tubes #2 and #3. Therefore, the
increased efficiency of the Long Tube is a result of the prebuncher and cannot be
attributed to the ratio of beam current to start current.

Particle-in-cell (PIC) simulations using TWOQUICK®® provided a comprehen-
sive picture of the prebunching of the electron beam in the initial section of the
nonuniform amplitude slow wave structure. The results from the PIC simulations
indicate that, in addition to the surface harmonic of the backward wave. the forward
traveling volume harmonics may play an important role in the energy exchange pro-
cess in the BWO. Based on these results it may be possible to design an uniform BWO
where the forward traveling volume harmonics can serve the role of a prebuncher.®

LONG PULSE EXPERIMENTS

The accelerator used in the long pulse BWO experiment is a modified Physics
International Pulserad 110A. An 11-stage Marx bank with an energy storage capacity
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FIG. 3. Dependence of power radiated by Long Tube on electron beam current.

of 2.75 kJ is used as the main energy store and initial pulse forming device in the
accelerator. The Blumlein which previously followed the Marx bank has been re-
placed with an LC filter network. When erected, the Marx bank and the LC network
together form a 2-stage pulse forming network (PFN) (see Ref. 9 for additional in-
formation on this accelerator). The pulse duration and impedance of the accelerator
in this configuration are appraximately 450 ns and 40 Q, respectively, although the
diode load is presently being modified to increase the impedance. The electron gun
immediately follows the LC filter network and its configuration is nearly identical
to the one on the Sinus-6. The cathode holder is stainless steel and is curved to
follow the magnetic field lines. At the end of the holder is a 2 cm-diameter carbon
knife-edge tip from which an annular electron beam is emitted. Either 6 or 7 field
coils can be placed around the slow wave structure to produce a guiding field for the
electron beam. The magnetic field strength on axis is typically 3.0 T. After traveling
through the slow wave structure, the electron beam follows the magnetic field lines to
the beam dump, which consists of a section of stainless steel screen surrounded by a
larger, concentric section of copper pipe that is lined with carbon on its inner surface.
The microwaves that are produced in the slow wave structure travel past the screen
into another section of circular waveguide, and then to a conical horn where they are
radiated into an anechoic measurement area. Microwave radiation is measured using
a simple B probe which directly measures the wave magnetic field intensity.

Long pulse vacuum BWO experiments have begun using uniform slow wave
structures. Initial results from these experiments vielded microwave pulses with
FWHM durations on the order of 100 ns. Typical signals from a Rogowski coil
measuring the beam current and the microwave detector (B probe) can be found in
Ref. 1. The radiated power is estimated to be only about 10 MW, although it should
be noted that there was evidence of breakdown inside the slow wave structures on
these shots. By positioning the B probe at various angles with respect to the center
axis of the horn, a crude map of the radiation was obtained and indicated that the




Chapter 2. High Pomer Microwave Seurces

radiation is emitted in the TMy; mode. Frequency measurements have not been
performed at this time. However, several PIC code simulations of the slow wave
structure were performed and the results indicated a frequency of approximately 10
GHz. It is believed that improvement in the breakdown characteristics of the slow
wave structures can yield improved long pulse performance.
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LONG-PULSE HIGH POWER MICROWAVE EXPERIMENTS

C. Grabowski, J. Gahl, E. Schamiloglu, and D. Shiffler
Department of Electrical and Computer Engineering
University of New Mexico
Albuquerque, NM 87131

Abstract--Experiments to develop a long-pulse,
high power microwave source are currently be-
ing conducted at the University of New Mexico
(UNM) . By removing the Blumlein in a PI
Pulserad 110A and replacing it with a parallel
L-C network, the Pulserad has been converted
into a type A PFN.{1l] The new pulse length,
output voltage, and impedance of the device
are approximately 450 ns, 500 kv, and 40 Q,
respectively. This modified Pulserad is used
to drive an electron beam diode which is iden-
tical to the diode in the UNM SINUS-6 acceler-
ator.{2] The relativistic electron beam pro-
duced by the diode is injected into a slow-
wave structure to generate X-band microwaves
at a frequency similar to that of the UNM
SINUS-6. In addition, the output voltage and
current are also similar for the two accelera-
tors; however, the UNM SINUS-6 is a short-
pulse, rep-rated accelerator while the UNM
Pulserad is a long-pulse, single-shot machine.
The primary objective of these experiments is
to determine whether the backward wave oscil-
lator (BWO) presently on the SINUS-6 machine
can operate at long pulse durations. 1Initial
experiments involve vacuum BWO operation,
which will be followed by plasma-filled BWO
operation. The system design will be pre-
sented along with electron beam diagnostic and
microwave generation results.®"
i .

In the past several years interest in
high power microwaves has grown considerably.
Devices have been developed which have peak
powers on the order of terawatts. Increasing
the average powers of these devices, though,
has proved to be more difficult. 1In the case
of long-pulse backward wave oscillators
(BWO’s) microwave generation simply ceases
after a period of time even though the elec-
tron beam continues to travel through the slow
wave structure.

At the University of New Mexico a long-
pulse accelerator has been developed to drive
a BWO for the purpose of investigating this
phenomenon further. The electron gun of the
BWO is nearly identical to that of the UNM
SINUS-6, a short-pulse, rep-rated accelerator
also at the university. Experiments are being
conducted which involve both vacuum and
plasma-filled BWO operation, and a portion of
this study will be focused on understanding
the behavior of the plasma and the interac-
tions between the electron beam and the plasma
in plasma-filled BWO operation.

This paper will discuss the work that has
been completed thus far. 1In section II a de-
scription of the accelerator and the BWO will
be presented, followed by a discussion of some
of the preliminary results in section III.

**Research supported by AFOSR grant #F49620-
92-J-0157DEF.

Section IV will present the conclusions drawn
from this work and list the plans for future
work. Acknowledgments are made in section V.

IL. E . ] .
The accelerator for the experiment has
been constructed using a Physics International
Pulserad 110A. Inside the Pulserad 110A is an
11-stage Marx bank, which has a capacitance of
0.05 UF and a maximum charging voltage of 100
kv for each stage. This translates to a
maximum energy storage capacity of 2.75 kJ.
The blumlein following the Marx bank was re-
moved and replaced with a parallel L-C net-
work. Both the Marx bank (when erected) and
the L-C network together form a type-A PFN
which has a pulse width and impedance of ap-
proximately 450 ns and 40 Q, respectively. An
equivalent circuit is shown in Fig. 1. A bal-
anced resistive voltage divider, which is not

Marx Bank Pilter Network
Lf=.9 mH
Rparx = 2 Q
L
rx
i o Rshunt
=4 kQ Yo
— Cg=3nF bee™
Cmarx
=5 nF O

Fig. 1 Equivalent circuit of Pulserad 110A.

shown in Fig. 1, has been placed between the
Marx bank and the filter network to monitor
the Marx voltage. PSPICE calculations show
that with a matched load a peak voltage of 775
kV can be obtained from the Marx bank after it
has been erected, resulting in a cathode volt-
age and load current of 570 kv and 14.3 ka,
respectively (Fig. 2).

As was mentioned previously, the electron
gun used with the Pulserad 110A is nearly
identical to that on the UNM SINUS-6. The
major difference between the two is that the
slow wave structure in the gun on the Pulserad
110A is slightly different. Figure 3 shows a
diagram of the gun. The cathode is stainless
steel and has a 1.95 cm diameter knife-edge
tip to emit an annular beam into the slow wave
structure. As can be seen from the drawing
the cathode is inserted some distance into the
magnetic field so that electrons are emitted
on uniform field 1lines. The maximum field
that can be produced on axis by the field
coils is approximately 3 T. Two Rogowski
coils are shown in the diagram which are used
to measure the beam current, one around the
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calculated by PSPICE for the
Pulserad 110A fully charged and
terminated into a 40 Q load.

cathode, which is currently installed, and one
at the end of the slow wave structure, which
will be installed in the near future. The
coil used is a standard non-integrating
Rogowski coil, requiring an RC integrator at
the input of the oscilloscope to process the
signal. Finally, following the slow wave
structure is a conical horn which radiates the
microwave power.

. {on of Prelimi ]

Cathode Voltage and Beam Current

During experiments in which the Marx bank
was charged to full voltage the signal
waveform from the voltage divider indicated a
peak voltage from 520 to 620 kv, which is
slightly less than the PSPICE prediction of
775 kV for the 40 Q load. Assuming that the
ratio of the cathode voltage to the Marx volt-
age remained the same as that which PSPICE
predicted, the cathode voltage was then in the
range of 380 to 450 kv.

A beam current of 3.8 to 4.2 kA was con-
sistently observed with the Rogowski coil.
Pulse widths (measured at the base of the cur-
rent pulse) varied from 530 to 560 ns. These
values are in very good agreement with the
pulse widths predicted by PSPICE in Fig. 2.

Mode Pattern

Two diagnostic methods were used to
determine the mode pattern of the microwave
radiation. The first and simplest method was
to place a sheet of foam with a matrix of
small neon bulbs embedded in it in the far-
field region in front of the output horn. The
room was darkened and an open-shutter camera
was then used to take photographs of the light
board as the Pulserad was fired. Figure 4
shows one of the photographs that were taken.
In this particular case the Pulserad 110A was
fired 7 times before closing the camera shut-
ter. A small dark region can clearly be seen
in the center of the light board surrounded by
a rather broad lighted region which is in turn
surrounded by another dark region. This pat-
tern is characteristic of the TMp; radiation
mode.

A second diagnostic used to evaluate the

mode pattern was a B-dot probe. The probe was
mounted on a wooden stand and positioned on
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Fig. 3 Cross-sectional diagram of electron gun.




Fig. 4 Photograph of light board showing
pattern for TMpi mode illuminated.

the axis of the microwave horn at the same
distance at which the light board was set.
Measurements were taken and then the probe was
moved to the left or right in increments of 5
degrees away from the horn axis. One of the
recorded signal waveforms from the B-dot probe
is shown in Fig. S5 along with the current
waveform for the same shot. The early
cessation in the production of microwaves,
which was mentioned earlier as a characteris-
tic of BWO's, is clearly seen here; the cur-
rent pulse has a duration of 540 ns, while the
duration of the microwave pulse is only 130
ns, over 4 times shorter.

Because of the large amplitude of the mi-
crowave signal from this shot and other simi-
lar shots, several layers of attenuating
material were placed in front of the output
horn, since the crystal detector used with the
probe behaves very non-linearly for large in-
put signals. As shown in the plot of probe
data in Fig. 6, the signals from the B-dot

3.1 kA/Div Beam Current
m‘ 4 y —— Ve -
200 mV/Div
o H
B-dot Probe
2 Signal 9
200 ns/Div
| IR L 1 ) & i 1 L

Fig. 5 Typical signal waveforms from the
Rogowski coil and B-dot probe.
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Fig. 6 Radiated magnetic fields measured by
B-dot probe at 1.7 m from horn
aperture. Data for positive angles
was mirrored to negative angles to
better illustrate radiation pattern.

probe were generally in agreement with the
photograph in Fig. 4 and indicate the presence
of the TMp: mode. The perturbation in the
recorded data in comparison to the ideal TMo:
pattern may have been caused by scattering of
the microwaves as they passed through the at-
tenuating material or the decreased radiation
intensity bringing the probe signal closer to
the noise floor.
Microwave Power and Frequency

Although the radiated power could not be
calculated exactly from the experimental data,
it was estimated to be less than 10 Mw.
Another estimate of the power was obtained
using MAGIC, a 2 1/2 D particle-in-cell simu-
lation code.[3] Figure 7 shows a plot from
MAGIC of the power over a 10 ns time period
calculated for the case with a cathode voltage
of 350 kV and a beam current of 4 KA. The
power rises to almost 80 MW after about 1.5 ns
but then rapidly drops. Over a duration of
130 ns the average power would seem to be on
the order of 10 MW, which agrees well with the
estimate from the experimental data. By set-
ting the oscilloscope on a faster time scale
when recording the B-dot probe signals (say, 5
ns/div instead of the 200 ns/div used for most
of the present measurements) the high initial
powers could be confirmed.

For this cathode voltage and beam current
MAGIC calculates a value of approximately 7
GHz for the dominant microwave component.
However, other MAGIC runs for other cathode
voltages and beam currents show the dominant
frequency component to be 10 GHz. Using a
Mathmatica routine written by Tom Spencer at
Phillips Lab for calculating the cold disper-
sion relation of a slow wave structure (4], a
frequency of 10.8 GHz was predicted for the
microwave radiation.




(3] B. Goplen, R. E. Clark, J. McDonald, and
80.0 W. M. Bollen, Users’ Mapual for
ion- » MRC/WDC-R-246,

(Mission Research Corp., Washington,
D.C., 1991).
\\\ [4] T. Spencer (private communication, 1992).
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Fig. 7 Time history of radiated microwave
power calculated by MAGIC for a beam
current of 4 kA and a cathode
voltage of 350 kv.

IV. Conclusions

Initial experiments show the radiated
microwave power to be rather low; however,
MAGIC predicts this low power level for the
parameter space in which these experiments
have been conducted. It should also be
pointed out that the UNM SINUS-6 achieves con-
siderably higher powers (~ 600 MW} [2]) due to
the fact that a more advanced slow wave struc-
ture has been installed in it. Once the the-
ory behind the operation of this slow wave
structure is better understood a structure of
this design will then be placed on the
Pulserad 110A. However, the immediate next
steps in this investigation will involve vary-
ing the parameter space in MAGIC in order to
determine a more favorable operating regime in
which higher powers can be produced.
Diagnostics will also be improved to better
determine the radiated power and mode pattern.
Work on plasma-filled BWO experiments will
then begin, and the necessary diagnostics for
these experiments will be developed and incor-
porated into the Pulserad 110A.
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INITIAL STUDIES OF FERROELECTRIC CATHODRES

T. Cavazos, D. Shiffler, B. Wroblewski, C. Fleddermann,
J. Gahl, and E. Schamiloglu
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University of New Mexico
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Abstract--A basic limitation of all electron
beam driven radiation producing devices is the
need for more input power. For high power mi-
crowave devices and free electron lasers, this
requirement may be stated as the need for
greater electron beam current with higher
brightness beams. Our research investigates
ferroelectrics as a source of electrons for
high current cathodes. Ferroelectric cathodes
operate by inducing a phase transition in a
sample of ferroelectric material, leaving co-
pious amounts of electron space charge on the
surface which can be easily liberated.([l] We
have built a prototype electron gun in a tri-
ode configuration. The gun is energized using
a transmission line pulser. The grid of the
triode induces the phase transition. A second
voltage is applied across the anode-cathode
gap to accelerate the electrons. In this pa-
per, we present results of polarization mea-
surements under AC signals, as well as results
of operating the triode as an electron gun.
Finally, a design is presented for a beam
transport system using standard accelerator
technology to determine the beam emittance and
brightness. Since ferroelectric cathodes can
in principle operate at relatively low temper-
atures, the limiting emittance set by the
cathode temperature should be very low.’

- i .

Electron emission for vacuum electronics
has been limited to thermionic sources (i.e.
oxide coated or barium dispenser cathodes),
explosive field emission cathodes {(carbon felt
materials) and exotic photocathodes. A novel
cathode material has been introduced consist-
ing of ferroelectric materials. By inducing a
phase transition in a pre-poled ferroelectric,
abundant electron emiseéion can be observed.
Emitted charge densities of up to 1 uc/cm2 (2]
as well as current densities up to 70 A/cm2
have been documented. (3] These results demon-
strate diode currents exceeding the space
charge limit for typical vacuum diodes.

A research program is in progress at the
University of New Mexico (UNM) to investigate
ferroelectric cathodes as a novel emitter for
high power microwave (HPM) sources. Such
sources require high brightness, low emittance
electron beams. Ferroelectric cathodes offer
two key advantages over state-of-the-art
thermionic emitters: (1) higher current densi-
ties and (2) lower operating temperatures.
Since the ferroelectric is not operated as an
explosive emitter, it is not susceptible to
gap closure due to plasma formation. The ma-
terial has demonstrated repetitive operation
and can be used in any environment (rough to
hard vacuum, and plasma filled devices).[4]

*This research 1is funded by AFOSR Grant
#F49620-92~0157DEF.

A key aspect of this research program is
to investigate thin film ferroelectric cath-
odes. These films are fabricated in the UNM
Center for High Technology Materials (CHTM).
The materials can vary in thickness from
0.1 pum to 10 um and can be produced in a vari-
ety of compounds and mixtures. Thin films
have several advantages over bulk material:
the ferroelectric can be switched at lower
voltages since the material is thinner, the
films may be grown or sputtered onto a wide
variety of cathode geometries, and lastly, it
may be possible to reduce the resultant elec-
tron beam divergence after emission. (S]

This paper summarizes the effort to date
beginning with a brief discussion of the the-
ory of ferroelectric emission in sec. 2.
Section 3 describes the method of measuring
the polarization (P-E) characteristics of the
material. A discussion of the fabrication of
the thin £films is given in sec. 4 and a de-
scription of the triode experiments is given
in sec. 5. The design and simulation of a low
emittance gun is presented in sec. 6 followed
by concluding remarks.

2-11 £ F 1 .

Ferroelectric materials are polar di-
electrics that undergo a change of spontaneous
polarization under the influence of an applied
electric field. Like ferromagnetic materials,
ferroelectrics have domains, exhibit hystere-
sis loops, and show Curie-Weiss behavior near
the phase transition temperatures. (6] The
displacement in a polar material is expressed
as:

D = €R + P, (1)
where the polarization may be expanded as:
P =€XB + P, + Py. (2)

The first term is the polarizability of the
material, the second term P, describes the po-
larization due to the spontaneous alignment of
the domains, and the last term is the polar-
ization due to defects in the material [(4].

‘'For a given remanent polarization in the mate-

rial, there will be a bound surface charge
density which is expressed as:

Qb = 1Plgurface (c/m2) . (3)

Under normal conditions, the bound sur-
face charge is screened by free charges. If
the material undergoes a rapid change in po-
larization, then a large uncompensated charge
will be generated at the surface. The elec-
tric field is high enough (100-10,000 kV/cm)
to extract carriers bound in the surface of
the material. 1If conditions are arranged such
that these carriers are negative, then the
electrons will be accelerated into the diode

gap.




The various methods of inducing a rapid
change in the polarization include (4]):

(1) heating or cooling across a phase
transition boundary from or to the
ferroelectric (FE)} state,

transitions between the FE phase and
the antiferroelectric (AFE) or para-
electric (PE) phases by applying
pulsed stress,

transitions between the AFE or PE
phases and the FE phase by applying a
pulsed electric field,

partial reversal of P, inside the
ferroelectric phase by applying high
voltage pulses, and

(2)

(3)

(4)

(5) illumination by laser 1light (photo
assisted domain switching).

It is most advantageous to apply method (4)

for repetition rate applications. This tech-

nique was initially selected for this research
program. A second option is to heat the mate-
rial close to the phase transition, then apply
a pulsed electric field to switch the material
into the PE or AFE phase. With this combina-
tion of methods (1) and (3) no cooling of the
material between pulses is necessary so that
it is consistent with rep-rate operation. A
further enhancement of emission can possibly
be obtained by adding laser light illumina-
tion.

3-polari .

The hysteresis of a ferroelectric mate-
rial is determined by plotting the polariza-
tion of the material as a function of the ap-
plied electric field. One method of perform-
ing this method is the Sawyer-Tower loop cir-
cuit (Fig. 1).[6) Capacitor C, must be linear
and should have a capacity much higher than
the material under test. The vertical and
horizontal voltages are written as:

v, = E4 and
1 t
Vy =3 Oh(c) de, (4)

where d is the thickness of the material.
Assuming that the loop current is a uniform
displacement current, the vertical voltage may
be rewritten as:

t
1 dap DA
vy = cr J ac A dt = C. ' (5)
0
where A is the conduction area. Substituting
Eg. (1) for the displacement gives
A
Vy = Ct(eoE + P). (6)
Finally, substituting V,/d for E and solving
for P gives
S &
P=V, 3* - Vx §- (7

As long as C, is large, the second term in Eq.
(7) can be ignored and the vertical and hori-
zontal voltages can be related to the polar-
ization and electric field using

T Y
P=V, 5 and E= 3. (8)

Ferroelectric:

l Cathode l_

Fig. 1. Sawyer-Tower circuit for displaying
P-E hysteresis curves.

The hysteresis curves are obtained with
the materials mounted in the triode experi-
ment. This step is to insure that there is
good electrical contact with the material be-
ing tested. From the hysteresis curves, the
remanent polarization P, is determined from the
vertical intercept, and the coercive field E.
is determined from the horizontal intercept.
Hysteresis curves will be collected at temper-
atures up to the Curie temperature. Tests on
a 0.25 mm PLZT wafer yielded the P-E curve
shown in Fig. 2. This result most likely in-
dicates a minor hysteresis loop. Attempts to
increase the coercive field and drive the ma-
terial into hard saturation resulted in elec-
trical breakdown.

Fig. 2. P-E curve on a gridded PLZT wafer at
room temperature. The vertical axis
is approximately 1.5 pC/cm2 and the
horizontal axis is 7.9 kV/cm.

4 £ . hi ]

The ferroelectric films are produced with
an ion beam sputtering method (Fig. 3)}. The
beam source is a Kaufman Ion Gun which
provides independent control of beam energy
and current. The ion gun is capable of

Thermocouple

Kaufman ' Target

Ion Gun

Ammeter
Substrate T

Target
Bias

Fig. 3. Deposition system for ferroelectric
thin films.
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sputtering with an inert ion (Ar) beam or a
reactive ion (0,;) beam. The sputtering target
is a single composite (28/0/100) PLZT. The
films are deposited onto a flat stainless
steel substrate which has been coated with
platinum. After deposition, the films are
annealed in an oxygen furnace for half an hour
at 650°C.

The CHTM laboratory also deposits gold
electrodes onto the ferroelectric samples.
The metallization is deposited using electron
beam evaporation. The grid is patterned with
standard photolithography/wet etch techniques.
The electrode pattern is circular with 200 um
apertures and a 200 pm separation.

S-Triad .

The purpose of the triode experiments is
to determine the emission current density and
charge limit of several different ferroelec-
tric compounds. These results will determine
the emittance of the cathode. A key aspect of
this part of the research is to compare the
performance of the thin film ferroelectric ma-
terials to the bulk materials. A parallel
plane triode tube (Fig. 4) has been con-
structed for this task. The triode is a de-
mountable vacuum tube assembled with 7 cm
stainless steel flanges. An iom pump is used
to evacuate the tube to 10-% Torr. The grid
flange is isolated from the cathode with a ce-
ramic adapter and the anode is separated with
a 25 cm glass tube. A tungsten filament
heater is suspended inside a 1.9 cm stainless
steel tube which is connected to cathode po-
tential. The material under test is attached
to a cap on top of the heater tube. Grid con-
nections are made from the top of the sample
to four stainless steel posts which are con-
nected to the grid flange.

The experiment is operated as a grid mod-
ulated hard tube pulser. The anode potential
can be varied from 10-30 kv and the grid is
energized with a transmission line pulser.
The ferroelectric material is pre-poled with
the polarization vector pointing into the tri-
ode. Pre-poling is accomplished by heating
the material above the Curie temperature and
cooling down through the transition with a DC
field across the material.

Electrical contacts to the bulk samples
have been problematic. Connections are sensi-
tive to mechanical stress due to the brittle
nature of 0.25 mm ceramic wafers. The gold
metallization adhered poorly to the ceramic.
The grid pulled away from the sample when
wires were bonded to the metallization. A
conductive epoxy was used to glue foil con-
tacts to the grid. However, the adhesive was
too fragile for the mechanical stresses during
the triode assembly. Planned improvements in-
clude roughening the surface of the ceramic to
increase the surface tension with the gold
metallization, and annealing the metallization
at 200 °C after deposition. The mechanical
mounting of the wafers has been redesigned to
minimize the stress on the ceramic.

Initial tests on thin films were incon-
clusive. The grid contacts were shorted to
the cathode in several cases. This problem
could be caused by: 1) the film becoming
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Fig. 4. Cut-away view of the ferroelectric
t;lode. Vacuum flanges are 7 cm in
diameter.
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scratched during assembly or-2) breakdown of
the film due to static discharge during
handling.

- ] . .

) The electron gun design is based on a
Pierce gun configuration for low emittance op-
eration. The design was analyzed using EGUN
and the gun parameters for a 10 kV anode
voltage are given in Table 1. A schematic of
the ferroelectric gun is given in Fig. 5. The
grid will be connected to the focusing




electrode which must be held at
potential. The ferroelectric
energized with a negative cathode pulse.

Table 1. Electrical Parameters of

the Ferroelectric Pierce Gun

35 A/cm2
25.2 A
25.2 uPerv
9.81 xmm-mrad

Current Density
Current
Perveance
Emittance

ground
will be

Focusing Ceramic
Electrode Cathode Assembly Insulator

N ' A

1.25cm

0.9cm Grid

! Ferroelectric Electrodes

Anode

g— 3.8cm 44'1

Fig. 5. Schematic of the ferroelectric
Pierce qun.

The beam line will include diagnostics to
determine beam emittance and energy spread for
the ferroelectric cathode. The magnetic
transport system consists of a quadrupole
triplet and a spectrometer magnet. Phosphorus
screens will be used to determine the beam
spot, and hence emittance. The spectrometer
magnet with a profilometer will determine the
center energy and energy spread of the beam.
A schematic of the beam line is given in Fig

- The quadrupoles have a 4.06 cm effective
length, 13 cm aperture, and field strength at
the pole piece of 720G for a current of 1 A.

Spectrometer

Phosphor Screens
Magnet

Gun on Linear Actuators

—@@@1—%\%‘
,

" 4.7

Quadrupoles with
Vert. and Horz. Steering

Cameras

Profilometer

Fig. 6. Beam diagnostics for the ferro-

electric qun.
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21-Summary

A vacuum triode experiment has been as-
sembled to study the emission from thin film
and bulk ferroelectric materials. Significant
problems have been encountered with mounting
and connecting the bulk material to the tri-
ode. Redesign of the triode will include a
stress-free holder for the ceramic and adhe-
sion of the metallization to the samples will
be improved. Fabrication of thin films has
been performed, but the electrical characteri-
zation of this material is inconclusive at
this time. The design of a low emittance
Pierce gun using the ferroelectric cathode is
complete as well as a design for a diagnostic
system to determine beam quality. This work
is expected to lead to improved performance of
long pulse backward wave oscillators.
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The use of ferroelectric (Pb,La)(Zr,Ti)O; as a cathode material is investigated. It has been suggested
in the literature that by rapidly changing or reversing the spontancous polarization in the
ferroelectric, a large charge imbalance can be produced at the surface of the material. The field from
this charge imbalance extracts bound carriers from the cathode. An approach to achieving this
polarization change by using a negative bias field to preset the material prior to switching is
discussed in this letter. This bias field can also be used to control the bound surface charge on the
material. Emission currents on the order of 100 mA are observed and the emitted charge is on the
order of 30 nC. Measurable emission occurs only when the material is driven into

saturation. © 1994 American Institute of Physics.

Ferroelectric cathodes have attracted interest as electron
emitters for a variety of applications.'™* Such cathodes have
been shown to be capable of large electron emission currents
in excess of the Child—Langmuir space charge limited
current.!™* Further, the cathodes are ceramics, can operate in
low or high vacuum, and do not require a heater. Previous
results have demonstrated electron emission from samples
which have been prepoled by slowly cooling the material
from above the Curie temperature in the presence of an elec-
tric field.!~* This letter describes research done to character-
ize the emission process from (Pb,La)(Zr,Ti)O; (PLZT) on
which no macroscopic prepoling was performed. A technique
for using a bias voltage to control the emission process is
introduced.> Our results show that the emission process de-
pends upon the initial state of the cathode material and that
measurable emission occurs only when the material is near
the saturation polarization. The ultimate goal of this work is
to develop a new class of cathodes for microwave tubes as
well as other vacuum electronic and microelectronic devices.

The experimental setup consists of a ferroelectric sample
placed in the triode configuration shown in Fig. 1. A gold
circular grid, 1.27 cm in diameter, with 20% transmission
forms the emitting surface on top of the PLZT wafer. The
thickness of the wafer is 0.33 mm and the grid and plate are
separated by 2.7 cm. The cathode contact on the back of the
wafer is grounded. The triode is evacuated to 10~° Torr with
an ion pump. A bias voltage is applied to the grid to produce
a preset dipole moment in the sample and the pulsed coer-
cive field is applied through a coupling capacitor. In this
manner a charge imbalance is produced at the surface by
rapidly reversing the polarization. A dc voltage of up to 20
KV is connected between the plate and the cathode contact.
Current viewing resistors (CVRs) provide measurements of
the grid current and plate current with voltage measurements
obtained using resistive dividers.

For these experiments commercial grade PLZT 9/65/35
was used. The surface was polished to a quality suitable for
electro-optics applications and had no macroscopic polariza-
tion. Figure 2 shows a sample hysteresis curve taken at 60
Hz excitation frequency. The remanent polarization is 1.5
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pC/cm? while the coercive electric field is 4 kV/cm. At satu-
ration, the polarization Py, is about 4.5 uClem? correspond-
ing to an electric field Eg,, of 12 kV/cm. Pulsed measure-
ments show little deviation in E, and P, from the 60 Hz ac
values.

In the experiments outlined in this letter, the conditions
for electron emission are obtained by rapidly reversing the
polarization of the material. Initially, a bias voltage is used to
produce a known polarization within the material and this
field is reversed by pulse charging the polar dielectric with a
transistor drive (see Fig. 1). This configuration allows one to
change the initial position of the material on the hysteresis
curve prior to the application of the forward drive. Therefore,
control of the state of the cathode in a known and easily
quantified fashion is possible. Experiments were performed
with no bias voltage and with a bias voltage present. When
no bias voltage was applied, current emission was erratic,
although when emission did occur it happened at roughly the
100 mA level. When preset with a bias voltage, current at the
100 mA level was seen for every grid pulse. Thus, it can be
concluded that the bias voltage positioned the ferroelectric in
the correct state for emission.

Figure 3 shows the grid voltage and grid current and Fig.
4 shows plate current during two typical shots with a bias
voltage present. Note the change in slope of the grid voltage

Rp=10Q
Plate Supply
$0-20 kV
Grid
T ok PLZT 025 uF

CVR=0.97 Q

FIG. 1. Triode circuit with a solid state grid drive.

© 1994 American Institute of Physics
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FIG. 2. Hysteresis of 965/35 PLZT wafer for ac and pulsed excitation.

as the ferroelectric saturates. From these traces, one can see
that the leading edge of the emission current pulse begins
just before the ferroelectric is saturated and measurable emis-
sion ends as the material comes out of saturation. Hence, the
electron emission occurs during a nonlinear portion of the
hysteresis curve where the relative dielectric constant
switches from a maximum value to a saturation value close
to one. :
The charge emitted from the PLZT versus the applied
electric field at the grid is plotted in Fig. 5. Ten measure-
ments were taken at peak electric fields ranging from 6 to 14
kV/cm and the results are plotted with a best fit line. The
emitted charge is measured by integrating the current to the
plate. The graph indicates that more charge is emitted as the
field at the grid increases and that there is a threshold field of
about 8 kV/cm below which no charge is emitted. It is im-
portant to note that for each case, the reverse field is equal in
magnitude to the forward field. In other words, the PLZT is
excited from —E, to +E, during the grid pulse. The bound
surface charge that is available for emission is determined by
the magnitude of the initial polarization, which is propor-
tional to —FE, . The graph in Fig. 5 suggests a strong link
between the bound surface charge and the charge emitted. As
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FIG. 3. Excitation voltage and current at the grid.
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the field applied to the grid increases, the spread in the mea-
sured emitted charge increases. This effect correlates with
variations in the width of the emitted current pulse. Although
the current pulse begins consistently as the ferroelectric satu-
rates, the emission interrupts irregularly as the material
comes out of saturation.

These experiments have demonstrated several character-
istics of 9/65/35 PLZT emission. First, the initial state of the
PLZT clearly affects the emission process since the current
depends on the bias voltage. To demonstrate this observation,
a pulsed hysteresis curve for the no bias case is included in
Fig. 2. The slope and position of the curve at the end of the
pulse suggest that the material is switching from remanence
back to saturation. Under these conditions, emission from the
PLZT was sporadic. The pulsed hysteresis curve for the
negative dc bias case more closely matches the bottom-half
of the 60 Hz P—E curve. With this excitation, regular emis-
sion is observed. Second, emission can be achieved by using
a bias voltage to set the initial macroscopic polarization. Fur-
thermore, by changing the bias, one can change the emitted
charge. Finally, measurable emission occurs only when the
ferroelectric becomes saturated, or in other words, when the
rate of change of the relative dielectric constant with respect
to the applied electric field is 2 maximum. The introduction
of the bias potential is an important addition to ferroelectric
cathodes. For cathodes with no initial macroscopic polariza-
tion, one can now effectively gate the charge as well as

140 v _ ~

120 . : S

Emitted Charge [nC}

Electric Fleld at the Grid [kV/cm]

FIG. 5. Total charge emitted from the PLZT vs the field applied to the grid.
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change the state of the cathode material. By using the bias
voltage, it is shown that the emission does not require a
sample with an initial macroscopic polarization. A change or
reversal of the polarization induced strictly by applied elec-
tric fields is sufficient to achieve emission. These results also
indicate that the emitted charge depends on the initial polar-
ization. The ferroelectric cathode thus comprises a charge
gated source. This behavior is different from most other cath-
odes.
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Abstract

Improvements in cathode technology represent one
means of enhancing high power microwave tube perfor-
mance. Of particular interest are low temperature cathodes
which provide high current density electron beams. Our re-
search focuses on the application of ferroelectric materials as
an electron source. We are investigating two competing
theories to explain the mechanism of emission from the mate -
rial. The first method invokes a large charge imbalance in-
duced by rapidly changing the polarization of the material
(1). This charge imbalance accelerates screening charges
(electrons) into the A-K gap. The second theory stipulates
that an intense electric field at the periphery of the grid elec-
trode vaporizes metallic protrusions of the grid (2). These
explosions provide carriers as well as neutralize the space
charge of the cathode.

Experiments are conducted using a demountable high
vacuum triode with bulk (300 um - 1 cm) (Pb,La)(Zr,Ti)O3
(PLZT). The ferroclectric PLZT samples under test are grid-
ded with an evaporated gold film which is patterned with cir-
cular apertures. This grid is excited by a solid state driver
which erects a field of 15 kV/cm in about Ipus. A DC bias
voltage is used to reset the polarization of the material after
each shot. Preliminary results indicate that this reset voltage
greatly enhances the reliability of the electron emission. A
DC voltage (up to +/-20 kV) applied to the anode accelerates
any carriers liberated from the material. Hysteresis mea-
surements are also conducted in situ to determine the dielec-
tric properties of the candidate materials. Preliminary results
of these experiments are presented.

Introduction

The copious emission of electrons from ferroelectrics has
attracted interest in the use of these materials as cathodes in a
variety of applications (1-5). Since these emitters are ceram-
ics, they can be operated in high or low vacuum. The materi-
als require little or no heating and have been shown to be ca-
pable of electron emission currents in excess of the Child-
Langmuir space charge limited current (1-5). Recent results
have demonstrated electron emission from samples which
possess a macroscopic electric polarization obtained by pre-
poling the material (1-5). Ferroelectric materials are pre-
poled by heating the material past the Curie Temperature and

slowly cooling the material back through the transition
boundary with a poling field applied to the dielectric. This
paper describes the emission from (Pb,La)(Zr,Ti)O3 (PLZT)
in samples with no macroscopic pre-poling. A technique is
presented for using a bias voltage to control the emission pro-
cess (6-7). The results of these experiments indicate that by
changing the initial polarization of the material the emission
process can be controlled. Furthermore, measurable emission
occurs only when the material is near the saturation polariza-
tion. These cathodes are capable of repetition rate operation.

Experiment

The experimental setup is shown in Fig. 1. The ferro-
electric sample is placed in a triode configuration that is
evacuated to 109 Torr. The grid and plate of the triode are
separated by 2.7 cm. A gold circular grid, 1.27 cm in diame-
ter, with 20% transmission forms the emitting surface on the
front of the PLZT wafer; the wafer thickness is 0.33 mm.
The contact on the back of the wafer is grounded for these
experiments. A bias voltage is applied to the grid to produce
a preset dipole moment in the sample. The pulsed coercive
field is applied to the grid through a coupling capacitor. A
charge imbalance at the cathode surface is produced by
rapidly reversing the polarization through the application of
the coercive field. An DC a voltage of up to 20 kV is con-
nected between the plate and the cathode contact. The grid
and plate currents are measured using current viewing resis-
tors (CVRs) and the plate current is determined using resis-
tive dividers.

For these experiments, commercial grade PLZT 9/65/35
was used. The surface was polished to optical quality with
no initial macroscopic polarization. Fig. 2 shows a sample
hysteresis curve taken at 60 Hz excitation frequency. The
remanent polarization is 1.5 pC/cm?2 while the polarization at
saturation, Py, is 4.5 pC/cm2. The coercive electric field is 4
kV/cm with the corresponding saturation electric field, E
being 12 kV/cm. Pulsed measurements on the time scale
used for the experiment show little deviation in E;,; and Pg,,
from the 60 Hz values.

Application of Reset

To obtain electron emission, the polarization of the fer-
roclectric must be rapidly reversed. A known polarization is
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set in the wafer using the bias voltage. This field is then
reversed by pulse charging the polar dielectric with the
transistor drive shown in Fig. 1. Using this technique, the
initial state of the ferroelectric can be changed in a
quantifiable fashion prior to the application of the forward
drive voltage.

Experiments have been performed with no bias voltage
(no initial polarization) and with a bias voltage present. In
the case of no bias voltage, emission was erratic. When per-
forming experiments were repeated with the bias voltage, cur-
rent was seen for every grid pulse. The currents measured
were on the order of 100 mA. Thus, it can be concluded that
the bias voltage placed the ferroelectric in the correct state for
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Fig. 2. Hysteresis curve for 9/65/35 PLZT material for

pulsed and AC excitation.

Vacuum triode circuit with FET excitation circuit.

emission.

The grid voltage and current are shown in Fig. 3 and the
plate current during two typical shots in which a bias voltage
was present is shown in Fig. 4. As the ferroelectric saturates,
there is a change in the rate of rise of the grid voltage. This
change corresponds to the change in the dielectric constant of
the ferroelectric as the voltage exercises the P-E curve. The
emission current pulse begins just before the ferroelectric sat-
urates and ends as the material comes out of saturation.
These results suggest that the electron emission occurs during
a nonlinear portion of the hysteresis curve in which the rela-
tive dielectric constant of the material switches from its
maximum value to a saturation value close to one.

The charge emitted from the PLZT into the vacuum
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Fig. 3. Excitation current and voltage at the grid electrode.
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ages of 2kV and 12 kV plotted with the grid voltage
versus time.

region was measured versus the applied field at the grid.
These measurements are plotted with a best fit line in Fig. 5.
For each case, ten measurements were taken at peak electric
fields ranging from 6-14 kV/cm and the bias field is equal to
the magnitude of the pulsed field. Several features of ferro-
electric emission are evident from this figure. First, more
charge is emitted as the field at the grid is increased. Next, a
threshold field of about 8 kV/cm exists below which no
charge is emitted. This threshold field is about halfway be-
tween the coercive and saturation electric fields. During each
cycle, the PLZT is excited from -E, to +E, during the grid
pulse. Since the initial bound surface charge depends upon
-E,,;, Fig. 5 suggests a strong link between the bound surface
charge (which is equal to the initial polarization) and the
charge emitted to the plate. Finally, note that as the grid field
increases, the spread in the measured emitted charge in-
creases. This effect corresponds to variations in the width of
the emitted current pulse. While the current pulse begins
consistently as the ferroelectric saturates, the trailing edge of
the emission occurs irregularly as the material comes out of
saturation.

The ferroelectric material has also been operated in a rep -
etition rate mode at up to four Hertz. The repetition rate was
limited to prevent damage to the sample. The current in each
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Fig. 5. Total charge emitted from the ceramic versus the

peak field applied to the grid.

pulse remained at the level seen in the single shot experi-
ments, or about 100 mA. Throughout the course of the test-
ing, no conditioning effects were observed. The lifetime of
the cathodes was limited by arcs in the grid-plate region.
When an arc occurred, the triode would "latch on”, which
caused the ferroelectric to be severely damaged.

Summary of Results

These experiments have demonstrated several character-
istics of 9/65/35 PLZT emission. First, the emission process
is strongly dependent on the initial polarization of the cath-
ode. This initial state is varied using the bias voltage. A
pulsed hysteresis curve for the no-bias case plotted in Fig. 2
to demonstrate this observation. At the end of the pulse, the
slope and position of the curve indicate that the material is
switching from remanence to saturation. As stated above,
emission was erratic under these conditions. The hysteresis
curve for the pulsed excitation with negative DC bias more
closely matches the 60 Hz P-E curve. Under these condi-
tions, the emission was detected on every shot. Secondly, a
bias voltage can be used to control the emission process. The
effect of the bias is to change the bound surface charge and
hence the available screening charges on the sample.
Therefore, by changing the bias, the quantity of emitted
charge can be changed. Finally, measurable emission is seen
only when the ferroelectric becomes saturated. In other
words, emission occurs when the rate of change of the rela-
tive dielectric constant with respect to the applied electric
field is a maximum.

Future Experiments

A second Ion pump has been added to differentially
pump on the anode. This should improve the grid-anode
vacuum and reduce the inclination of arcs. The sample
holder has been redesigned to limit the mechanical stresses
on the material under test. A thicker material (1 mm) com-
posed of lead/zirconium/titanium (PZT) will be tested next.
This is a "harder” ferroelectric material with a coercive field
of 8 kV/cm. The peak fields necessary to drive this material
into saturation is on the order of 25 kV/cm. To achieve
higher peak voltages on the thicker samples, a new driver has
been developed. The new circuit directly couples the DC
bias field to the grid and the reversing field is coupled with a
pulse transformer.

Conclusions

The utilization of a bias potential is an important addition
to the operation of ferroelectric cathodes. The application of
the bias allows the charge to be gated in a quantifiable
fashion. By using the bias voltage, it is shown that the
emission does not require a sample with an initial
macroscopic polarization. It is sufficient merely to reverse




the polarization using an applied electric field. These results
also indicate that the emitted charge is related to the initial
polarization. A biased ferroelectric cathode has thus been
demonstrated as a gated source which can be operated in a
repetition rate mode.
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Suppression of vacuum breakdown using thin-film coatings
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Thin-film metal and metal oxide coatings ion sputter deposited onto the cathode electrode of a
parallel-plate high-voltage gap were found to suppress electron emission in high vacuum. Electric
fields as high as 60 kV/mm have been sustained across a 1 mm gap for pulse durations of 10 us.
Lesser electric fields were sustained for pulse durations exceeding 10 ms. The behavior of 500 nm
thick coatings was independent of the type of coating used, whereas the breakdown voltage for
thinner coatings depended upon the material and the deposition conditions. The breakdown
properties of various coatings, as well as a discussion of the suppression of electron emission is

presented.

The ability to sustain large electric fields across metal
electrodes in vacuum is an important consideration in pulsed
power applications.' Previous researchers have attempted to
improve the breakdown characteristics of metal electrodes by
coating them with various dielectrics including epoxy, oil,
and polymers.'™® Although these coatings led to improved
performance, little work was done to understand the mecha-
nisms that increase the threshold voltages for initiating
breakdown.

This paper describes the results of an experimental in-
vestigation to increase the threshold breakdown voltages and
sustained pulse durations across planar stainless-steel elec-
trodes in high vacuum (P, <4X 10~® Torr). A solid anode
electrode and thin-film coated 80% transparent mesh cathode
were used. Films were deposited on the cathode mesh using
jon-beam sputter deposition. The electrode material and the
experimental configuration were selected as part of a study
of a planar liquid metal ion source.’ In addition, the choice of
coating materials was motivated by initial studies of coatings
for use in high-power microwave sources.”

The experimental apparatus, shown in Fig. 1, consists of
an A-K gap in a stainless-steel vacuum chamber. A cryogenic
pump was used to achieve the base pressure. The anode is
made of polished stainless steel, 2.54 cm square. The broad
area cathode is an 80% transparent stainless-steel mesh. The
cathode is adjustable over the anode to a minimum gap spac-
ing of 1.00£0.12 mm. A voltage pulse is applied to the an-
ode from a 0.733 uF capacitor through a spark gap switch.
The pulse rise time is less than 1 us. The voltage pulse was
terminated with a crowbar spark gap switch across the ca-
pacitor. The typical A-K gap used was 1 mm and voltages
from 20 to 65 kV were applied. Additional information on
the hardware can be found in Ref. 9.

A common theme of the various breakdown theories re-
ported in the literature suggests that anything that can be
done to blunt microprotrusions and to remove loose particles
adhering to electrode surfaces should improve the break-
down characteristics of the gap. Toward that end we first
polished the anode with a high-speed polishing wheel and
jewelers rouge. (Of course this could not be applied to the
delicate cathode mesh.) Both of the electrodes were washed
with isopropyl alcohol, methanol, and finally with acetone.
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After the electrodes were installed, the gap was sprayed with
No. 40 synthetic air to remove any dust that may have settled
on the surfaces. The intent of these procedures was to re-
move as many microparticles from the electrodes as possible,
and to minimize the formation of monolayers of oxygen and
water. The chamber was pumped down to a final pressure of
4x107® Torr before any voltages were applied. These proce-
dures alone resulted in breakdown occurring at 30 kV/mm
within 50-100 us.

There are a number of in situ conditioning processes that
can be applied to reduce the emitted current from
microstructures.® The gap can be subjected to a series of
increasing dc voltages. allowing the prebreakdown currents
to decay over a span of approximately 30 min. Alternatively,
glow discharge cleaning can be employed; this takes advan-
tage of the sputtering action of low-energy ions to knock off
layers of contaminants. Discharge cleaning was performed
on our experiment with no noticeable improvements, as our
vacuum was very good to begin with and this method is
generally useful for removing contaminants which keep the
chamber pressures high.

Another conditioning method was used on our experi-
ment to recover lost performance after a breakdown. Exami-
nation of the individual wires in the cathode mesh using an
environmental scanning electron microscope (ESEM)
showed that a typical mesh wire has channels running along
its axis; these grooves are most likely due to imperfections in
the die used to pull the wire. The ESEM also showed that
even after cleaning, several microparticles were still present
on the wire. These imperfections led to prebreakdown at
relatively low voltages. By reducing the applied voltage, in-
creasing the pulse duration, and repeatedly pulsing the gap
until breakdown no longer occurs, we were able to regain
some of the performance of the gap prior to breakdown. This
procedure is thought to blunt the microprotrusions and clean
the surface, thus reducing electron emission levels.

The maximum electric field and pulse duration achieved
without breakdown using the above procedures was 30
kV/mm for 100 us. A great advance over these results was
made by sputter depositing thin-film coatings onto the cath-
ode mesh. Figure 2 shows a comparison of the breakdown
voltages for different coatings, all grown to a thickness of
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FIG. 1. Schematic of the experimental setup (not drawn to scale).

500 nm. Films were deposited using ion-beam sputtering
with a 2.5 cm diameter Kaufman gun. Typically, the ion gun
was run with a beam voltage of 750 V and a beam current of
30 mA. Metal films were deposited using an argon-ion beam,
and oxides were deposited using mixed Ar/O, beams. Sputter
targets were either metals or stoichiometric oxides, depend-
ing on the film to be deposited. The coatings in Fig. 2 are
compared with a bare stainless mesh on the left. It is clear
from the figure that coating the cathode increases the thresh-
old breakdown voltage for all materials except TiN, and that
TiO, and SnO, performed the best. All experiments de-
scribed below were performed using TiO, coatings.

To determine whether the increase in the breakdown
electric field after thin-film coating is due to burial of the
microprotrusions left by the manufacturing process, SEM
pictures were taken after the thin-film deposition process.
The screens, as shown in Figs. 3(a) and 3(b), reveal a
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FIG. 2. Maximum breakdown electric fields for several types of ion-beam
sputter-deposited coatings.
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FIG. 3. SEM photographs of (a) a bare stainless-steel mesh and (b) mesh
coated with 500 nm of sputter-deposited stainless steel.

smoother surface for the coated screen. The results obtained
were repeatable and suggest that a sputter-deposited surface
of approximately 500 nm thickness is smoother than the bare
surface. All of these coatings achieved a peak electric field of
about 50 kV/mm. We have found that there are a large vari-
ety of coatings (both metal and dielectric) which, when
grown to at least 500 nm, yield a large increase in the break-
down electric field by creating a smoother surface, thus re-
ducing electron emission from the cathode.

Thinner films (200 nm) showed a variation of break-
down electric field with a change in the deposition condi-
tions. Specifically, we varied the oxygen content of the sput-
ter gas mixture used during film growth, with all other ion-
beam parameters held constant. Breakdown field as a
function of oxygen content of the beam is shown in Fig. 4 for
TiO, films. (Rutherford backscattering measurements on
these films confirmed that all were stoichiometric TiO-.)
This plot indicates that the breakdown electric field varies
markedly with oxygen content while a plot for a TiO, film at
a thickness of 500 nm, also shown in Fig. 4, is independent
of the deposition conditions. It is widely known that the in-
dex of refraction, grain size, and packing density of oxide
films vary with the oxygen partial pressure during deposi-
tion, and that the index of refraction is indicative of changes
in the latter two properties.'®!! We have measured the index
of refraction of our deposited films as a function of oxygen
content of the ion beam; our results agree with the experi-
mental findings in Ref. 10. Therefore, it is apparent that the
breakdown electric field for thin films (200 nm) is more sen-
sitive to the film properties, while for 500 nm thick films,
merely burying surface microprotrusions becomes the domi-
nant mechanism in achieving the larger breakdown electric
fields.
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FIG. 4. Plot of breakdown electric field as a function of the oxygen content
of the sputtering gas for film thicknesses of 200 and 500 nm.

The breakdown behavior of Ti/TiO, layered structures
deposited on the cathode screen was also investigated. Two
of this type of film were studied: one was a 100 nm thick
pure titanium layer deposited on the screen, followed by a
100 nm thick TiO, layer (grown using 50% oxygen in the ion
beam) for a total layer thickness of 200 nm; the other was a
similar structure with 300 nm of Ti with 200 nm of TiO, for
a total thickness of 500 nm. For the 300/200 film, the break-
down field was 52 kV/mm, which is comparable to the fields
measured for 500 nm Ti and TiO, films. In this case the
presence of the dielectric is insignificant as is expected for
the thicker films, and the breakdown field increase is due to
the burying of imperfections. However, the 100/100 film had
a breakdown field of 44 kV/mm. This is significantly higher
than the breakdown field for a 200 nm thick pure Ti film (the
0% oxygen value in Fig. 4), showing that for thin films
where the effect of covering up cathode imperfections is not
as significant, the presence of even a thin dielectric layer can
cause measurable improvement in the breakdown behavior
of the cathode.
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The results of this study indicate that thin-film coatings
of metals or metal oxides can yield a factor of 2 increase in
the breakdown characteristics of parallel-plate stainless-steel
electrodes in high vacuum. The study found that the break-
down electric field for 200 nm thick coatings was dependent
on the grain size or packing density of the film, whereas the
breakdown field for 500 nm thick coatings was independent
of the material properties. To achieve the highest breakdown
field, the oxygen content of the background gas should be
50% or higher for 200 nm thick films, or 500 nm thick films
should be applied. It is important to note that these coatings
are not robust. While some level of performance can be re-
gained after a breakdown event, generally the coated cathode
screen will have to be replaced if the application cannot tol-
erate a large variation in breakdown electric field.
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